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Report AFR'L-TR-66-45

FOREWORD

\UJ 771L ttu iL 1& "na. C aWuVctvymvziIL yrugraim Lipunsorea by tne[
Air Force Systems Command, rocket Propulsion Laboratory, Edwards Air Force Base, ir : I
California, from 1 June 1964 to 15 April 1966 on the development, design. fabri-
cation, and demonstration of packageable high-expansion-ratio nozzles for solid
propellant rocket motors. The research and development efforts on the program
were performed by Aerojet-General Corporation, Sacramento, California, under
Contract AF o4(6u1)-9896, and this report, dated April 1966, is submitted in

fulfillment of that contract.

(u) This report contains classified information extracted from Report AEDC-
TR-65-254, "Demonstration Tests of Two Types of Packageable High-Expansion-Ratio
Nozzles for Solid-Propellant Rocket Motors," ARO, Inc., Bryan, Ohio, January 1966.
The security classification of this report is Group 4, Confidential.

(u) This technical report has been reviewed and is approved.
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UNCLASSIFIED ABSTRACT

rocke(u) The objectives of this program were the development, design, fabrication.
and demonstration of packageable high-expansion-ratio nozzles for solid propellant

, rocket motors. A subscale testing program :onducted at Aerojet-General's Von Karman

three elastomeric materials (nitrile btadiene adi , and
butyl) and two refractory metals (9ota-10W and columbium) for use in exit cones.
Erosion data was also gathered on these elastomeric materials. A demonstration
test program was conducted at Arnold Engineerine Development Cenzier, using three
30KS-5000 solid jpopellant motor., two writh an elastomeric V-44w exit cone and one
with a columbium expandable exit cone. Objectives were-to test deploment, determine 7
the materials' integrity under operating conditions, obtain data pertaining to
specific impulse at altitude conditions, and obtain postfire heat-soak data for
30 sec. Successful motor ignition, operation, and postfire heat-soak for all three
tests were conducted at simulated altitudes in excess of 100,000 feet. Attet*pts to
deploy the elastomeric V-4h4 exit cone from a folded position at altitude conditions
were only partially successful. However, the principle of deployment was demonstrated
during sea-level tests. All three exit cones were stable during motor operation and
were in excellent postfire condition. The columbium exit .cone did not expand fully
(area ratio of 38.0, instead of 50). High-quality optical data were obtained of
the nozzle deployment, nozzle performance during motor operation, and postfive
condition.
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SECTION I

INTRODUCTION

(u) The concept of expandable exit cones for high-expansion-ratio rocket nozzlesr- offers improved performance (as well as lighter weight, in many applications) in
vulumr-ur diameLer-,imiLed .ysLems. in recognition of the potential of this concept,
active development of the expandable exit cone was initiated at Aerojet in January
1960.

(u) Specific preliminary engineering tasks included: design applications,
materials investigation, theoretical analysis of heat transfer and shock, structural
analysis, gas dynamics, packaging, and nozzle deployment as applied to liquid rocket
engines.

(u) Selected for the initial testing was a modified 200-lb-thrust, bipropellant,
water-cooled Lark thrust chamber. This chamber operated at a chamber pressure of
120 psia, burning WIFNA/UDMH at a mixture ratio of 2.8:1 oxidizer to fuel, with a
total propellant flow rate of 0.75 lb/sec. The expandable nozzle was attached at
an area ratio of 8:1, expanding to 27:1 at the exit with a 150 cone half-angle,

(u) This test engine was operated at approximately 100,000 ft in a small-scale
altitude simulator at Aerojet-General's Von Karman Center. The objectives of
the first teats were to verify the radiation-cooled exit cone wall temperatures
and internal supersonic shock analyses on expandable metallic exit cones. These
tests were successful and sered' "o verif'fte theoretical predictiors.

7

(u) The next phase of the program was to develop a flexible nonmetallic exit
cone that could be folded along both length and diameter. A great many elastomeric
materials were tested on the same Lark ehgine. Materials were successfully dem6n-
strated, thus substantiating the validity of the design concept.

(u) Following this small-scale development and demonstration, Aerojet-General
received an Air Force contract (AF 04(647)-652/SAA) to continue development.
Direction was under the Rocket Propulsion Laboratories at Edwards Air Force Base.
Work was initiated in April 1962 and has been continued under two follow-on
contracts. Tlais work included advanced theoretical investigations in the various
areas of heat transfer, internal and external gas dynamics, materials, fabrication
techniques, and various experimental programs.

v.) To date there have been two test series conducted at Arnold Engineering
Development Center (AEDO), Tullahcma, Tennessee. The test engine used was made
from surplus Titan hardware; the basic thrust chamber was a 17.50 half-angle
conical chamber that had been used previously to develop the XLR91-AJ-3.

ku) The expandable nozzles were attached to the combustion chamber at an area
ratio of 7.07:1 expanding out to area ratios up to 40:1. The exit cones were
designed to have a half-angle of 17.50 when fully expanded. The expandable exit
cone wall length was 55.12 in. with an inside diameter at the attachment point
of 24.6 in. and an exit plane inside riameter of 57.75 in. for the fully expanded
nozzle.

Page 1
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I, Introduction (cont.)

(u) In general, the metallic exit cones were successful in both *!-,t series,
k vnerses th~e sesetovieric exit cones were unsuccessful In all, tests but -.no in each

tee. aeries. One test in 1963 and one test in 196&. of the olaotow 1., exit cone
were partial sucaommas and they mawv&A to varfy h%••the a-,.---tcsbk " . . , i
A complete discussion of this work in presented in Fat 1 &r0 2.

(u) In March 196o, in answer to Purchase ]aquest 30594130 trom the Air Florce Flght
Test Center, Uwards Air Foice Noe, Aerojet-Oeneral eubuitted a proposal (Haf 3)
for the developmentp design, fabrioatiou, and demonstratton of peckageable high-
expension-ratio nossles for solid ppe llant rocket motors, As a result of this
propoesl# a contreat vas subsequently awarded to Aerojet-Oenereal to conduct a
program to accomplish the above objectives.

(u) The program was amooWtLOh by conducting: (1) a design and analysis program
adopting liquid technology to solid propellant motors, (2) a subloals test program
to verify the selected moterilsl, and (3) c demonstration test program that demon-
strated the feasibility or elastomeric and metallic packageab.e exit cones for
solid motors.

Page 2
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SECTION II

StWARY

(u) This report presents the results of a program for the development, design, .4
fabricttion, and demonstration of packageable high-expansion-ratio nozzles for I
solld pyrupeflw± ruckeL motors. *ITe program was conducted by Auc under Contract
AF o4(61l)-9896.

(u) The program encompassed three main parts:

(u) (1) A basic design and analysis phase to design both an elastomeric foldable
and a metallic expandable nozzle exit cone for solid rocket application using liquid
rocket experience and technology and a minimum of original design effort.

(u) (2) A subscale testing phase to confirm the material selection, design
techniques, and analytical methods based on current technologyp as well as to
delineate the problems involved in adapting liquid rocket experience to solidJ rocket
motors. Eleven subscale tests were conducted during this phase, nine of the tests
with elastomeric exit cones, and two of tie tests with metallic exit cones. The
subscale exit cones were tested in the expanded position with no attempt at
deployment.

(u) (3) The results of the subscale tests were incorporated into the design
and fabrication of demonstration exit cones, and three demonstration tests were
conducted in the AJD1 altitude.Lacilities. Two of the tests were with nitrile
butadiene rubber (Gen Gard V-4W1T the best elastomeric material from the subscale
testing), and one test was with columbium (the better metallic material from the
subscale tests). The first elastomeric exit cone was fired in a deployed position,
the second elastomeric exit cone was folded and deployed prior to the test, and the
metallic exit cone was corrugated into a cylinder that expanded into a conical shape
during the firing.

(u) Four motor firings were planned for the third phase, but X-ray examination
revealed propellant-liner separation in one of the test motors, and the test series
had to be reduced to three firings, thus eliminating a second test of the columbium
exit cone.

Page 3
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SECTION III

TECHNICAL DISCUS ION

(u) A great deal of development work on packageable high-expansion-ratio exit
cones for liquid rocket motors has been conducted by Aerojet-General. 7he results
of the work on liquid rockets has proved that elastomeric and metallic packageable
exit cones can be applied to liquid-rocket-povered missiles to extend range and
payload.

(u) As mentioned in the Introduction, two specific types of packageable exit
cones have been investigated by Aerojet-General: One type consists of a simple,
longitudinally convoluted, sheet-metal exit cone. Before firing, its shape is
that of a corrugated cylinder with the convolutions tapering from one end to the
other. During motor firing, internal pressure radially expands the exit cone into
a truncated conical shape. Longitudinal stiffness id provided by the slight
residual corrugations.

(u) The metallic skin of this cone is radiation-cooled,;.add it is operated at a
temperature where the thermal radiation emitted by the external surface is equal
to the heat input from the exhaust gas. This is essentially a steady-stiate condi..
tion, and long-duration operation is possible with a very lightweight component.

(u) The second exit cone that has been investigated is one of flexible elastomeric.
In this design, the exit cone is folded back over the exterior of the fixed portion
of the nozzle. This is deployed before the motor is fired. With this type of exit
-one the wall chars and ablates during the firing, and sufficient wall thickness
must be provided to supply the necessary structural integrity through the entire
firing. The elastomeric exit cone is considerably heavier than the radiation-
cooled metallic exit cone, but it offers more promise for obtaining a minim=m length
and diameter package.

(u) The work performed in liquid Rocket Operations (LRO) under Contracts
AF 05(647)-612/sAk and AF(694)-212/SA3 and reported in Aerojet-General Reports
652/sA4-22-F-1 and BD- TL-64-136 (Ref 1 and 2) indicated that both the metallic
and the elastomeric type of exit cones appeared promising for solid rocket motor
applications.

(u) The purpose of this program was to take liquid rocket experience and apply
it to solid rocket motors, thereby verifying the feasibility of this concept for
use on solid rockets. Because of the difference in chemical composition between
liquid aid solid rocket exhaust gases (as well as the presence of metsllic oxide
particles in the solid propellant gases), it was necessary to demonstrate that the
design concepts developed by the liquid programs could be successfully applied to
solid rockets.

(u) As indicated previously, the packageable nozzle program was divided into
two test programs. The subscale test program was designed to assess material and
verify design for the demonstration test program.

(u) The selection of prospective materials to be evaluated in the subscale test
program was based on the testing previously performed in the liquid program.

Page 4
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III, Technical Discussion (cont.)

A. MAWRRTAT RRT, CAPTfW

(u) The first major task of the program was to review the various vaterials,
both elisLumerlc and metallic, that had been tested by Liquid lcket operationa and to
determine their suitability for the solid rocket program. A disumssion of materials
and determining factors are presented here.

1. Elastomeric Exit Cone Materials

(u) Approximately 30 elastouric materials were fabricated into exit
cones and tested on a small liquid rocket engine under Contracts AF 01(64T)-6•2/SA4
and AF o4(6 9 4)-2•2/SA3 to determine their applicability as a material for
packageable exit cones.

'A
(u) In an attempt to adequately evaluate the various elastomeric

materials that were tested on the liquid rocket testing program, Liquid Rocket
Operations personnel devised a "material effectiveness parameter." This parameter
is a function of the following parameters:

1. Test duration

2. Material weight loss

3. Gas recovery temperature

4i. Wall temperature

5. Expansion ratio of test exit-cone entrance
and exit sections

6. Mass flow rate

T. Throat area

(u) A discussion of the LRO material effectiveness parameter is
presented in Appendix I. This "material effectiveness parameter" rates the
various materials tested by using weight loss on tested exit cones and normalizes
these results by taking into account the variations in total heat flux due to
variations in test conditions.

(u) One assumption made in this derivation is that the inner wall
temperature for all the materials tested was the same, namely 5000F. Aerojet knows
this is not the case; however, it is believed that these material effectiveness
parameters do serve as a rough guide to ranking the materials tested.

Page5
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III, A, Material Selection (cont.)

(u) Analysis of the material effectiveness parameters, an examination
v:'UzaZlr4 wILuutuc, and anusuJlaiiona viih ihe personne.i reaponsio.Le ror tne

liquid program revealed that a number of materials showed promise as prospective,
materials for the development of solid motor foldable exit cones. The three
materials that showed the most promise for subscale testing were:

(u) (1) Gen-Gard V-.4 nitrile butadiene rubber, silica material,,
and asbestos reinforced with nylon cord.

(u) (2) General Tire and Rubber 9790-IV-29C styrene butadiene
rubber, silica material, and asbestos reinforced with nylon cord.

(u) (3) General Tire and Rubber 7242-I-114X butyl rubber, silica,
and asbestos reinforced with nylon cord.

(u) As shown on the table of elastomeric iaterials tested on the
liquid Lark engine (see Appendix I), the above three materials had the highest
average material effectiveness parameters. Two other material, .namely ethylene
propylene rubber (7409-11-390) and a proprietary material of Paybestos-Manhattan
Cl-8576-7D, had a high material effectiveness parameter, but these materials had
been tested only once, whereas the selected materials received two tests each.
The best test of each of the selected materials was equal to the single test of
the two rejected materials.

(u) The V-44'material tested on the Lark engine had an acceptably
high average. In addition, this material is widely used, with excellent success
in many solid rocket motors where subsonic gas flow is experienced. As a result,
a great deal is known concerning processing, physical properties, and acceptance
criteria for this material. It was thus chosen as a prime candidate for the
proposed application.

(u) Large foldable exit cones (approimately 2- to 5-ft-dia) for the

second-stage Titan engine made from Gen-Gerd V-44N were fabricated and tested by
LRO in both the 1963 and 1964 test series, and more tests were planned for 1965.
In each of the tests, the main problem Axperienced was a violent flutter and
oscillation during the tests. The V-44W exit cones tested during 1964 had
various designs of longitudinal stiffening tubes that provided improvjd rigidity,
and one of these tests was partially successful. The erosion of V-44V was not a
problem on these liquid engine tests.

(u) In addition, there were many material evaluation tests conducted
with V-40 that provided much pertinent data, so that its performance can be
discussed analytically. These tests include plasma tests, HITE motor tests, and
testj with the 100-in., 120-in., 260-in., and Minuteman motors. For these reasons,
V-44M was a particularly attractive candidate for this program.

Page 6



III# A, Material Selection (cont.) 7.,

2. Metailic ht Cone )bterlals

(U) The expandable metallic exit cons progrs. conducted by LW under
d'..A.4--..4.a. ALW h - _dA AW 0/l0&11 .- A AV 1dQ/G - •-5 7•.4/U iAi .4
successful. This program included approximately 40 smll-scale tests to verify

the radiation-cooled exit cone skin temperature and internal supersonic shock
analysis.

(u) In 1963, 12 large metallic exit aones were tested at AflC, and
in July 1964, more tests were conducted with large meta1c expendable exit cones.

All these exit cones were fabricated from 310 stainless steel. In all these
tests there were no failures attributed to the thermal eiavironment of pressure
loads imposed by the propellant gas stream.

(u) During the 1963 test series of metallic exit cones at AEDC, four
failures occurred. Two of these failures were directly attributable to the AEDC
altitude facility equipment. The other two failures were due to the exit cone
wall striking the top of the diffuser duct during the opening• transient.

(u) During opening, the exit cone did not have a true circular cross-
section but tended to be elliptical with the major axis rotating. As the
expanding wall of the exit cone struck against the diffuser, the. thin exit cone
ripped in several locations. Those tears did not propagate even though the exit
cone folded outward in the ripped area.

(u) All the remaining tests were successful, and durations of up to
113 sac were achieved. In general, flutter occurred during the opening transient
with some residual convolutions remaining during the firing. Each of the tests
showed that the exit cone was fully open by the time full chamber pressure was
reached. At full chamber pressure (and therefore full exit cone internal
pressure), the resultant force of the combustion gas pressure was adequate to
cause the exit cone to stabilize following the oscillations that occurred as the
exit cone opened.

(u) Heat transfer analysis of metal structures is better understood
and is more accurate than the thermal analysis of elastomeric material where char
and ablation are involved. During the liquid evaluation program, a comprehensive
investigation of heat transfer to the metallic exit cone was undertaken, and
calculated results were found to agree favorably with the experimental data.

(u) Postfire analysis of both the small exit cone and the considerably
larger exit cones fired in the AEDC altitude chamber indicated that the temperatures
calculated in the computer program were slightly higher than measiured temperatures.
Therefore, design based on the computer temperatures were slightly conservative.

Page 7
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III, A, Material Selection (cont.)

(u) Computation of the equilibrium temperature of metallic exit cones

The presence of metallic or metallic-oxide particles in the exhaust gas contributes ,
to the radiant heat-flux into the exit cone, but, at the higher operating etre~sure - [of P !!oiid roeKet, tne totaL rac1isaive neat rl'UX is sma1i in comparison to 'ýhe P

zorvectlve heat flux.

(u) The solid particles in the exhaust gases do present another more
sign-L-f-LLt effect in that they obstruct the view of the interior exit cone walls
to the cutside through the nozzle exit. Thus, the view factor is reduced to zero,
and the overall heat-dumping capabilities of the exit cone is therefore lowered.

(u) The fact that the exit cone is cooled by radiation alone tends to
make the wall temperature insensitive to small changes in the flux into the wall.
The reason for this is fourth-power temperature dependence of radiation heat
transfer. A 20% change in the heat flux into the wall results in only about a
4-i/2% change in the wall temperature. Therefore, if the expandable metal exit
cone is attached at a point where it can adequately handle the convective heat
flux, the radiant heat flux can be neglected.

(u) From this analysis, therefore, it is obvious that the metal exit
cone in a solid rocket application will operate at a mach higher temperature than
the equivalent applicAtion in a liquid engine and that some material other than'
stainless steel must be used to fabricate the expandable exit c-nes. . An analysis ...
of the expected equilibrium temperature for a metallic exit cone on a solid motor
has shown that with flame temperatures as high as 6500iF and a chamber pressure
of 500 psia, the wall at a 16 to 1 expansion ratio would operate at about 3200qF
with an emissivity of one.

(u) At temperatures in this range, the two materials that are,
attractive from a strength and fabrication consideration are 90% tantalum -
10% tungsten sheet and columbium sheet. For this program, a subscale exit cone
was fabricated from each of these materials, and columbium was used for the
demonstration-size exit cone.

B. SJBSCALE TEST PROGRAM

(u) A series of 11 subscale tests were conducted in the steam ejector
altitude facility at Aerojet-General's Von Karan Center in Azusa during
November 1964. These tests served to confirm the material selection, design
techniques, and analytical methods used to fabricate the subscale exit cones.

(u) There were nine tests of the elastomeric exit cones, and all nine exit
cones were identical except for material composition. Exit cones of each of the
three selected materials were tested for 20, 40, and 60 sec. Two tests were made
with metallic exit cones, one with columbium, and one with 90% tantalum - ý.0% tungsten
(90ra -. 1W1)'. -Each of'these was a..40-sec test.

Page 8
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III, B, Subscale Test Program (cont.)
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activities involved in the subscale test program, is presented in the following
sections.

1. Subscale Design

(C) The motor, nozzle, and exit co~es tested in this phase bf-the
progrtm are shown in Figure 1. The significant operating parameters of the subscale
tests are:

Propellant ANP-2862 JM Mod II
Chamber pressure, psia 500
Flame temperature, `F 5500
Aluminum content, % 17
Nominal thrust, ibf 134
Mass flow rate, lb/see o.45
Expansion ratio of fixed nozzle 20:1
Expansion ratio of test exit cones 20:1 to 50:1
Altitude, ft 70,000F~ring durations:

Material - Gen Gard V-40 20, 440, and 6o se
GTR 9790-IV-29C 20, 40, and-60 see
GTH 7242-I-I14 X 20, 40, and 60 see
90Ta -. lOW 40 sec
Columbium 40 sec

(u) Other pertinent design information is discussed in the
following paragraphs.

a. Subscale Motor

(u) The motor used for the subscale tests was the Evaluation
Test Motor (21M) shown in Figure 1. This motor is a test vehicle used at Aerojet-
General's Von Karman Center. The iM, is a small, end-burning rocket motor used for
ablative material screening. It is of heavyweigh+ design and was well suited for
the required conditions of this program.

(u) Cartridge grains were used with this motor to facilitate
•= testing. The propellant was cast into an insulating sleeve so the motor could be

quickly loaded and unloaded by insertion and removal of this free-standing sleeve.

Page 9
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II•,# Bp Subscase Test Program (cont.)

(u) The propellant used for both the subscale and demonstration
tests was ANP 2Ob2 JM Mod IIp an alumLnized polyurethane Minuteman propellant.
There has been mch experience with this propellant, and its properties are well
documented. A complete description of the ANP 282 JM Mod II propellant is given
in Table 1.

C. Subscale Nozzle

(W) The nozzle used on the subscale test program is shown in
Figure 1. The throat insert is made of silver-infiltrated tungsten. The entrance
section and fixed exit-cone section is AT graphite. These ATJ graphite pieces
also back up the tbroat insert and provide a heat sink. The graphite pieces are
in turn insulated from the steel case by a phenolic sleeve.

d. Elastomeric Subscale Exit Cones

(u) The elastomeric exit cones tested on the subicale motor had
the configuration shown in Figure 2. The materials that were used for fabrication
as mentioned previously were:

(1) Gen-Gard V-WO - Nitrile butadiene rubber

(2) General Tire. and Rubber 9790-IV-29C - Styrene
butadiene rubber

(3) General Tire and Rubber 7242-I-11X - Butyl rubber

(u) These exit cones were fabricated by "laying up" the rubber
material on a mandrel conforming to the required internal contour. After the
rubber Vas "laid up" to the required thickness (0.t4  in. at the entrance, tapering
to 0.20 in. at the exit), it was circumferentially wrapped with a single layer of
nylon cord. The part was then placed In an autoclave for curing. No longitudinal
stiffeners were provided, because the walls of the exit cones were comparatively
thick in relation to their diameters and therefore were not expected to be aubjected
to vibrations that. were exhibited in larger exit cones tested by LRO.

(%, The heat-transfer analysis of the subscale exit cone fabricated
from Gen-Gard V-44,19 is presented in flIDB,2,a,(2).

e. Metallic Subscale Exit Cones

(u) The two metallic exit cones (one of columbium and one of 90%
tantalum 1O6%tungtte4) that were tested were fabricated in the extended or
nonconvoluted (unpackaged) position, as shown in Figure 3. so that only the
capability of the material to withstand the thermal and pressure loads in the
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III, B, Subscale Test Program (cont.)

deployed position was determined. These cones were fabricated Vrom O.005-in.-thick
sheet metal. The test exit cones were instrumented with thermocouples to check the
predicced radiation levels.

(u) To ease the fabrication problem of welding a flange to the
0.005-in..-thick exit cone, it was deemed advisable to incorporate a local inner
ring of 0.0l0-in.-thick material. This introduced a local discontinuity in the
gas flow just downstream from the resulting 0.010-in. step. An analysis of the
expected effects on the beat fltx in this region indicated they would be slight
(Ref 4) and would, therefore, not jeopardize the design. This assumption proved
to be true.

f. Subscale Igniter

(u) The igniter to be used for the subscale tests consisted of
7 gm of BPN pellets lor.ded into a plastic capsule. Igniters of this type were
used successfully to ignite end-burning grains in 5KS-500 motors under altitude
conditions and proved adequate for this program.

2. Subscale Design Supporting Studies

a. Heat Transfer

(C) This 'setion presents the:final results of' the heat-
transfer analyses that were completed in support of the iubscale test program.
Included are predicted temperature profiles, erosion depths, and equilibrium
temperatures of the subscale nozzle and exit cones. A brief discussion of the
physical parameters and procedures utilized in these studies is also presented.
All transient thermal analyses were made for a 60-sec firing with a constant
chamber pressure of 500 psia. The ANP-2862 JM Mod II propellant to be used on
this program had the following thermal and transport properties:

ANP-2862 at 500 psia

Tc = 5500OF
c, = 0.0063 lb/sec
S= 6.11 x 10-5 lb/ft sec

Cp = 0.505 Btu/lb *F
Prandtl No. = o.450

(u) Based on these data and the appropriate equations given
in Appendix II, the throat heat--transfer coefficient is 2700 Btu/hr ft 2 OF. At
stations away from the throat, the above heat-transfer coefficients were modified
as a function of area ratio by the procedure outlined in Appendix II.
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III, B, Subscare Test Program (cont.)

tempeaturethe(u) With the above hemAal vmate am btndiý-% :1 Ltemperature predictions were calculated using one of the two separate UL-.rtc*l
solutions to the general -transient heat flow equation that are programed on theIB T094 computer. A description of each computer program, including an outline

of the applicability of each solution for various nozzle configurations,is given

in Appendix IIT.

(u) Thermal property data for all materials used hereln are
noted In Table 2L.

(1) Nozzle

(u) The initial thermal evaluation considered the throat
region of the subscale nozzle. This configuration (Figure 4), because of its
small throat diameter, was analyzed considering both radial and axial beat flow.
Resulting temperatures are noted in Figures 5 and ý for the various point
locations given in Figure 4. Figure 5 represents the throat region wherein the
predicted surface temperature level for the tungsten will be aproximately 4l.500
after a 60-sec firing. Internal temperatures at this time will be 3575 and 22o40e
at the tungsten-graphite and graphite-silica i.aterfacesa respectively.

(u) The thermal environment of the silica tape backup will
vary between 2240 to 290OF on the exterior surface. Local charring of the silica
can be expected to a depth of approximately half the original thickness. This
condition, however, will not adversely influence the design, because the charred
material still provides adequate thermal protecti-.n.

(u) Data given in Figure 6 ren: tsents an area ratio of
6.9. Here the temperature rise is a nomnal 32007 Oa. the gaphite surface.
Interior temperatures are 2025 and 260*F, respectivel:, an each side of the silica
tape. Again, local charring can be expected and will le the same as found In the
throat region.

(u) In general, no undue tem;oature condition vas found to
exist in the subscale nozzle throat region.

(2) Elastomeric Exit Cones

(W) Analysis of the rubber expandable exit cones included
consideration of several possible material loss mechanisms. First, a one-
dimensional temperature prediction at two area ratios (23.8 and 46.6), wherein the
local heat transfer coefficients are 155 and 84.5 •Dt 1r ft 2 ep, respectively,
assumed zero material loss. The rubber used wse V-J, and the resulting temperature
histories for a 0.30.-in. layer at each location are given in Figure 7.
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LA 1
TEE&M PROPE•lT DATA FOR

EXPANMAEE NOZZLE PROGRAM MATERIALS

Conductivity, Density, Specific Heat,
Material Tesa. Ouhr ft*F lb/ft1 3  tu/lbQ?

AT 75 6(. 5 1o8 0.205
1500 35.0 0.I442
3000 24.7 0.530
5000 21.4 0.550

Tungsten Avg. 67.0 1187 0.039

9OTa - lOW Avg. 44.5 1050 0.030

Columbium Avg. 31.0 535 0.065

V-4 750 0.133 80.8 0.I1

Steel Avg. 23.0 489 . 0.123

Phenolic-impregnated Avg. 0.171 71.8 0 .4o
insulation
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Figure 5. Temperature Profiles at the Throat of Subacale Noxxle
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III, B, Subscale Test Program (cont.)

Fw ýu.& %v, 44t: ulcuuated temperatures range rrom I
approximately 4O00°F on the interior surf ce to 300°F on the exterior. These con-
ditions are hypothetical in that the V-I44rubber is not capable of withstanding surh
a severe thermal environment.

(u) It has been found from plasma-Jet tests performed at
Aerojet-General that the temperature of initial pyrolysis is approximately 500 to
750'F, while the effective surface temperature of the char is as high as 2800*F
(Ref 5). The magnitude of char surface temperature has been verified by thermocouples
buried within V-4 4W rubber insulation in the entrance region of a solid propellant
"motor nozzle.

(u) It was also found that the measured local erosion rate
could be correlated with analytical estimates for a fairly large variation in flow
velocity and pressure (heat flux) if the "effective heat of ablation" were taken as
2500 Btu/lb.

(u) Consideration of local flow similarity between the expa-
dable nozzle exit cone flow conditions and the experimental data obtained in the
entrance region indicates a lower thermal environment but slightly higher wall shear
stress will exist in the exit cone. As a result, it is anticipated that, due pri-
marily to the higher shear stress acting on the char layer, a slightly increased
erosion will exist in the exit cone.

(u) The expected temperature histgries at the same locations
given above (considering the best estimate of local V-•44 rubber erosion) are pre-
sented in Figure 8. For a 60-sec firing, approximately 0.2o in. of erosion is
expected at the lower area ratio.

(u) Near the exit plane, local erosion was estimated to be
approximately 0.13 in.; the estimated backside temperature for a 0.3-in. thickness
was 600OF at 60 see. Based on this analysis, a wall thickness of 0.4 in. was
selected for the elastomeric exit cones tested in the subscale program.

(u) All estimates of v-44 erosion assume that degradation
and subsequent material loss are the result of only the local thermal environment.
The influence of mechanical forces, with the exception of the shear stress trans-
mitted from the gas to the wall, which is indirectly incorporated in the above
erosion estimates (Reynolds analogy), was not included because of the lack of
pertinent data.

(u) It is obvious that rubber exit cones will not exhibit
the rigidity which exists within the entrance region of a nozzle. Thus, the
influences of vibration and amplitude of motion for the exit cone extensions will
be to increase material loss. It is possible that these mechanical forces could
rtrip the char layer as fast as it is formed. As an example, a prediction of the
loss rate for the upstream area ratio indicates a 0.3-in. layer could be lost in
3.5 see, assuming immediate removal at a char formation temperature of 7500F.
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III, B, Subscale Test Program (cont.)
I
I

(u) Inclusion of the mechanical effects for erosion predic-
tions will denend r•-ra.,on- t zurfaca m.te aLure or Tne exit cone material.
First, the surface temperature determines the rate of heat transfer between the
gas and the wall; the higher the value, the lower will be the at~tsndsvi heat inpat

(u) Second, the strength temperature relation of the material
will be important. The char strength must be as high as possible so as not to fail
under the mechanical loads. An estimate of the time for failure of a 0.3-in. V-40
layer at an area ratio of 23.8 for various maximum char surface temperatures is
summarized aE follows:

Surface Temperatures, °F Estimated Time to Erode 0.3 in. of V-4, see

750 3.5

164o 30

2o04G 39

2800 53

(u) From this summary, it is apparent that surface temperature
and char strength are very in&ortant considerations in the design of rubber exit
cones. Thus, the use of V-44;'l as a prospective material is Justified because the
many applications and tests given it in a subsonic environment have shown it to have
a tenacious char layer. Sufficient data was not obtained to thermally analyze the
other two candidate elastomeric materials, but it was postulated that the predictions
for the V-.41W would apply generally to these materials.

(3) Metallic Exit Cones

(u) Analysis of prospective metallic, radiation-cooled,
expandable exit cones for the subscale motor considered both 9OTa - lOW and C-103
columbium alloy. The physical properties used in the design are given in Appendix IV.
Equilibrium temperatures (radiation from the external surface being equal to the net
internal heat input) at exit cone area ratios of 23.8 and 46.6 indicate the following
values:

Columbium 9 - 23.8 T - 3798OF
4 46.6 T - 33730F

9OTa- 10W = 23.8 T = 3560oF
S- 46.6 T = 3034F0

4!;
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III, B, Subscale Test Program (cont.)

(u) TMe above results were obtained by using the total
pmi ~1vitv nf thp pirrp im+.-rn+.PA ma+a..4a1 ''h. j-.l MW -~ 4-4-44-~ -C

Collimbi-um 9 = 0.179 at 34w O

C = 0.202 at 3600°F

90Ts - l( 96 = 0.328

(u) If there were su±tabl.e exterior coatings available that
could increace the effective emissivity, 'he equilibrium temperature could be
decreased as in4icated in the following suwmary:

Assumed

Emissivity Area Ratio Material Temperaturet OF.

0.(65 23.8 Columbium 3233

o,65 23.8 90 Ta - 10W 3221
0.65 46.6 Columbium 2833
o.65 46.6 9o T% - 104 2758

0.85 23.8 Columbium 3089

0.85 23.8 90 Ta - 1OW 301O

0 .85 46.6 Columbium 2697
0.85 46.6 90 Ta - 1OW 2638

(U) Beca.se the metallic exit cones can withstand the buckling

loads (Appendix IV) when operatiL4 at tue temperatures predicted from the low emis-
sivity values, no attempt was made to coat the surface of the metallic exit cones
to improve the emissivity of the surface, as this effort was beyond the scope of
this program.

b. Thermal Stress

(u) The thermal stress analysis of the subscale motor, nozzle,
and metallic exit cone indicated that all stress levels were well within satis-
factory levels to withstand the required firing conditions. This complete and
comprehensive study is included as Appendix IV, along with the description of the
digital computer program utilized.

(u) The analysis indicat 4 that the critical stress for the sub-

scale metallic exit cones was the hoop stress in the columbium cone. The margin of
aafety for this critical condition waj 1.63.
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III, B, Subscale Test Program (cont.)

3. Subscale T'est ReBulsB
ýUl" A 6yles Vur ii subacaie tests were conducted in the steam ejector

altitude facility at Aeojet-General's Von Karman Center during the first and second
week of November i964. A complete discussion of the test results, as well as the
test objectives, is presented in the following sections.

a. hubacale Motor

(u) The motor, nozzle, and exit cones that were tested on the sub-
scale program are shown in Figure 1. (Figure 1 indicates a throat insert of silver-
infiltrated tungsten, whereas on the test series some of the inserts were silver-
infiltrated tungsten and others were forged tungsten.)

(a) The motors and ?ixed nozzles survived the complete test series
in excellent condition. The graphite entrance pieces and tae graphite exit cones
had very little erosion. The throat inserts had no erosion, but they were coated
with aluminum oxide deposits at the end of the firing.

(u) Pressure-time and thrust-time histories for each test are pre-
sented in Figures 9 thru 13. As is evident on these durves, the thrust traces are.
all neutral, whereas the pressure traces are all regressive to varying degrees.

(u) One reason for the overpressurization evident at the start of
each test is the aluminum oxide deposits that occur in the throat. At the beginning
of each test the aluminum deposits on the small (0.427-in.-dia) cold throat insert,
thereby reducing the' throat area and raising the chamber pressure. The thrust tends
to remain relatively constant as long as the nozzle throat area is reduced in pro-
porticu to the pressure rise.

(u) The thrv!st curves are in question because a zero shift occurred
during each test, and a complete force calibration of the test fixture was not made
for each test. The oscillograph records do indicate that the thrust was neutral as
shown, but the absolute value of the thrust cannot be determined with sufficient
accuracy to establish exit cone thrust performance in the subscale test.

(u) Excellent performance data were obtained on demonstration
teets conducted at Arnold Engineering Development Center that served to verify the
near-theoretical performance capability of packageable exit cones. These results
are discussed in the Demonstration Tests, Il,C,2.

(u) The subscale tests did provide (1) erosion data on the tested
elastomeric materials, (2") a screening vehicle for the two tested metallic materials,
coluabium and 9OTa - lOW, and (3) heat transfer data on all of these materials.
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1119 B. Subscale Test Program (cont.)

b. Elastomeric Wxit Comes

(u) The elatomeric exit cone that wa tested on the sub .:al.
moItor in ohm~ in Figure 14. The ia tested were:

I(1) OW-ar V-40 - Nitrile butaiene rubber, silica- and

"boubetoI-filled, reinforced with a vylon cord wrap.

(2) General Tie and Rubber 9790-IV-29 - Styrene butaditen

(3) General Tire and Rubber 7242-1-114X - Butyl rubber,
silica- and asbetos-fillad, roinforced with a nylon cord wrap.

(u) Each of the abv materials showed promise for use in fold-
able exit coces. * ach material that was tested for a 20-sec duration survived in
excellent condition.

(u) An ano•ly that was exhibited on all the elastomeric exit
cones tested vwa the presence of longitudinal grooves that ran the length of the
cone and were *pWced around the perimeter, giving the part a scalloped effect.
This grooving can probably be attributed to the aluminum oxide deposits In the
throat, which would result in em aayuaetrical flow pattern and/or the "sluffing
off" of these hot alumintim deposits end could sear the elastomeric material.

(u) motion picture coverage was provided on each of the 60-sec
tests. From the film it was determined that the amount of exit cone flutter during
the tests was negligible. There did appear to be some vibration near the end of
these tests after the elastomeric wall had been eroded in the exit area.

(u) An examination of the fired parts ,%owed that there was high
erosion in the exit area on the longer tests. AA the part eroded and the wall
thickness was reduced, the ability to withstand the pressure loads was impeared.
Once the part became weak enough to allow vibration, the char layer was broken off,
and the erosion process accelerated.

(1) Nitrile Butadliene (V-40)

(u) The pressure, thrust, and temperature traces for the
three tests are shown in Figures 9 and 15. The postfire condition of the three
exit cones fabricated from this material is shown on Figure 16. The V-0 material
proved to be the best of the three candidates on the 60-sec tests.
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III, E, Subscale Test Proesm (cont.)

(IN) 'P~ao+

(u) The total erosion was approximately 35 gm or 16°9
of total weight. Prorated over the entire surface tarea exposed to the flae, this
would amount to an erosion of 0.0683 in. or 3.4 mil]/see. The indicated temperature
rice on the back side was mirima1, as was predicted for this short duration.

(b) 4o-Sec Test

(u) The total erosion was approximately 105.5 gm or 49.5•%
of total weight, and, prorated over the entire surface area, 0.205 in. of erosion.
Actually, the erosion was more pronounced downstream at the exit section. As can be
seen in Figure 16, the exit is scalloped, the xaterial is completely orded in sm
places, and is paperthin at other p.dnts. T-e thermocouples located where the area
ratio was 46 to I measured a temperature ripe att• in the test because of the high
erovion in this area.

(c) 6 0-Sec Test

(u) The total eroedm .n this test an tely
66 gm or 31% of total weight. Over the e '*•-'* surf3?e t'ls would aint to 0.129 in.
of erosion. As can be seen from the weig. loss sb,'w " '2'Ible 3 and the photograph
shown in Figre 16, this part was in better coriition thlin w -e one from the 40-sec
test. There is no known explanation for this anomaly because. there were no known
variations in test conditions or material properties. The exit section on this exit
cone did become bell-shaped during the firing, and this is clearl4y evident in the
motion pictures late in the test.

(2) Styrene Butadiene

(u) The pressure, thrust, and k .% for the three
tests are shown in Figures 10 and 17. The postfire p-. these exit
cones is shown in Figure 18. This material was the beci ... 'terials tested
for 40 sec, but it was destroyed during the 60-sec test,

(a.) 20-Sec Test

(u) The total erosion was approximately 36 gm or 16.9%
of total weight. Over the entire surface this would amount to 0.0702 in. of erosion.
The recorded temperature rises were minimal.

(b) 4 0-Sec Test

(u) This exit cone was the best of the three tested for
40 sec. Two of the thermocouple readings indicated a 100°F temperature rise. The
other thermocouple indicated a temperature rise to 315°F at 28 see, at which poin, the
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ITT, B, Subscale Test Program (cont.)

trace went off the oscillograph paper. Considering the excellent condition of the
-.. .. . - ý "i . _ -,*• A. P Lt..i %,

ular temperature i, questionable.

(c) 60-Sec Test

(u) The part ias almost completely destroyed during
this test, as is evident in the photograph shown in Figure 18. The films of this
teat indicate that the failure occurred toward the end of the test. The temperature
recordings show the first burnthrough at the exit section at 40 sec, and the other
two thermocouples on that side go off-scale at 48 and 56 sec respectively. The thermo-
couple at the exit area on the other side recorded a temperature peak of 840F at the
end of the test.

(u) The motor in3ulation was burning after motor
shutdown, and part of the damage to the exit cone occurred after talloff, as indi-
cated by the thermocouple readings and the visual evidence when the altitude chamber
was opened after the test.

(3) Buty..

(u) The pressure, thrust, and temperature traces for
the tests are shown in Figures 11 and 19. The postfire condition of each of these
exit cones is shown in Figure 20. This material did not prove to be the best for
any of the test durations, but it was not significantly inferior on any of these
tests.

(a) 20-Sec Test

(u) The pressure port was plugged for this test,
and no pressure record is available. The thermal histories show minimal tempera-
tures as was expected.

(b) 40-Sec Test

(u) The trice of thc thermo;ouple located where
the expansion rotio was 4 = l6.6 went off the graph at 34 seconds. Postfire
visual inspection revealed a burnthrough at that point.

(c) 60-Sec Test

(a) The recorder ran out of oscillograph paper at
44 sec, so most of the data of the end of the firing were lost. The thermocouple
readings, from a strip cart- recorder, show peaks at the end of the test at an area
ratio of 46.6. An examinetion Qf the part shows that the material had eroded back
to the thermocouple leadi.
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III, B, Subscale Teat Program (cont.)

(u) A sunwry of the erosion data for L1 the sub-
Bccle tests is presented in Table 3. Figures 21 tbrough 23 show the eroatios at
cross-sections corresponding to C = 23 and C = • 35. Erosion data Van taken at

S=35 rmther hmn at. =46.6, as vas used in the analy:sis, because of the
severe eron, on on man~y of the parts at the higher expasinllu ratio.

(4) conclusions

(u) On the basis of the subacale tests, each of the three
materials can be considered prospects for foldable exit cones. Each burvived satin-
factorily for a duration of 20 sec. At test durations greater then 20 see, these
particular materials (in the thicknesses tested) were marginal.

(u) Because successful tests at durations of 40 end 60
sec were achieved durlmg this test series, it is also evident that workable designs
can be made for these longer durations. The temperature data from all the elastomeric
tests show that in only one case did the temperature rise above 200OF by 30 sec. A
maximum re~Ading of 315OF at 28 sec was recorded on this case before the trace went
off the oscillograph paper.

(u) Furthermore, the movies of the 60-sec tests also
verify the integrity of the tested exit cones through more than half of the firing.

(u) Most of the material loss occurred in the high-
expansion portion of the elastomeric exit cones. Because all of the tested subscale
perts had a tapered wall section (from 0.4 to 0.2) and are cantilever supported,
the exit portions of these parts are not so structurally stable as the entrance
section. Thus, the greater material loss in this portion of the exit cones can be
attributed in part to the difference in the rigidity of wall section, even though
the heat flux is approximately half that of the entrance section.

(u) On this basis, an elastomeric demonstration exit
cone with a firing duration of 30 see can be Aesigned vith a high degree of confi-
dence using any of the above materials. V-44" materikI was selected for the demon-
stration tests for the following reasons:

(1) The minimum erosion on the subscale 60-see test;

(2) The great amount of test data from subsonic
applications for use in design and test comparisons;

(3) The availability of this standard material with
complete specification control; and

(4) The faLrication experience with V-440 based on

the nany subsonic applications in which it is presently used.
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III, B, Subscale Test program (cont.)

c. MetaLric wxat ;ones

.u) One columbium and one 9MTa - 1 r tallic @ixit cans. each"•madle from O.005-in.-thick sheet stock, were tested for 40 see. Th colobim ezit
cone survived the te3t in excellent condition, whereas the 9D% - 1I brake circtu-

ferentiadl.

(1) Columbium

((u) The postfire ccndition of the co2nbium exit cone
is shown in Figure 24, and the pressure and tbzust history in Figure 12. The
recorded operating temperature of 2200F (Figure 25) for the coabim wmau approxi-
,itely 1400OF below the calculated value of 3560*F. This is attributed primarily to
aluminum oxide deposits during the test. The measured wall temperatures are below
the solidification-teupnrature for aluminum oxide and would couse the aluminums
particles to deposit on the cold wall.

(u) Calculations sbow that a 0.037-in. lay of A12O
at an £ = 23 and a 0.010inO layer of A120 at an 4 - 16 would reduce the ,il.
temperature to 2200oF. The aluminum oxide d2posit is a &Aod insulator; the flaoe
surface remains hot, and thus reduces the total heat flux to the .ill.. The aluminum

! oxide layer deposited on the exit cone varied from 0.010 to 0.028 in.

4 (u) The films of this test are of good quality and show
the exit cones heating to a glowing orange. Actually, the exit cone had bright and
dark areas that changed throughout the firing. This, again, is attributed to a
deposition layer that changes in thickness through the test.

(2) 90T& - OW

(•) A postf.ire photograph of the 9OTa - I0N exit cone
is shown ýn Figure 26. The pressure and thrust. histories are .hovn in Figure 13
and the temperatnre record in Figare 27. This exit cone broke circuu.'erentially,
but the time of the break is not !Lsx..own with any degree of certainty. The thrust
traoe is essentially neutral throvghout the firing, which would indicate that the

break did not occur before tailoff.

(u) A possible cause of the fracture was a gaseous
nitrogen purge thý%t was directed at the part aft-,•, the motor was shut down. The
part appeared intact at t)e end (if the test, buL thi- end cams off when the motor
was remoe•d from the test chamber. The movies of this test are of poor qu -lity
becwa3e the camera window became clouded during the test; therefore, the movies
do not help in determining the time of part failure. An examination of the fracture
indicates a clean break and not a burn through; furthermore, there are no oxide
dWeposits as would be expected if the break occurred during the test.
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I I, B, 2ubscale Test Program (cont.)

f..: AZ ... a t ui.Sb,,, ei Q~e,

9 _Ta 11 axii uutE had a Layer of aluminum oxide deposits. The hot surface of
tie aluminun. oxide that is exposed to the flame reduces the heat flux into tne wll:

tnIz accounts for the thermocouple readings that were 1300*F below the predicted
value.

(u) Welding of the 9OTa - 1OW exit cone was much more
difficult than wa.s the welding of columbium. Although part of the 9eTa - lOW frac-
ture occurred in peat at the weld seam, the failure did not seem to be due to the
weldment.

(3) Conclusions

(u) On the basis of these two tests, columbium appeared
to be the better prospect for use on the demonstration exit cones. The results of
the tests with 9eTa - lOW suggest that this material can be used for a radiation-
cooled exit cone and probably would be required for more severe temperature condi-
tions. Other advantages of columbium for radiation-cooled exit cones is lower cost,
lower weight, and ease or fabrication as compared to 9OTa - 10W.
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I11, Technical Discussion (cont.)

(u) This Dro•ram culminated with the firing of three demonstration exit
cones at Arnold Engineering Development Center. Two of these exit cones were V-44,
a-nd the other one was fabricated from columbium. These tests were conducted at a
simulated altitude of 110,000 ft.

(u) Prior to the demonstration tests at AEDC, a demonstration motor was
fired at Aerojet-General, Sacramento. This test was at sea level and served to
qualify the motcT for the AFDC tests. For this test, prospective elastomeric
materials were assembled to the exit cone in an attempt to provide additional data
on the erosion resistance and char retention capabilities of these materials.

(u) All the material samples were eroded and/or blowm out by the gas stream
so that no useful erosion data was obtained on this test. This tvst served to verify
the grain design, acceptability of the propellant batch, and nozzle design.

(u) A discussion of the design that was tested, as well as the supporting
activities involved in the demonsiration program is presented in the following
sections.

1. Demonstration Design

WC) The significant parameters of the demonstration .mtor•(9iguve 28)
using the ANP 2862 J14 Mod II propellant, are as follows:

Chamber pressure, psia 500
Ncminal thrust, lbf 5000
Flame temperatures, OF 5500
Aluminum content, Wt % 17
Throat area, sq. in. 5.80
Mass flow rate, lb/sec 18.5
Firing duration, sec 27
P-Tellant grain diameter, in. 14.6

ilant burning surface, in.- 14
Propellant weight, lb 525
For the qialificatisn test at iea level:

Expansion ratio 8:1
For the four demonstration tests at AEDC:

Expansion ratio of fixed nozzle 20:1
Expansioii -'atio of test 'Lture 20:1 to 50:1

a. Motor. Chamber

(u) The chamber was a m6dified IMý14 chamv,. .r gWnA3,..desigded for
the Genie motor (see Figure 28). In addition to an r.xtensive ' , hi-tory with dif-

S ferent propellant formulations, the hardware had been used suc(essfully for other

Page 53

CONFIDENTIAL



CONFIDENTIAL
Report AYRPL-TR-66-45

1 11

i -i

UNCLASSIF IBD

Figure 28. Demonstration ;rotor, Woxzzl, and ixit Cone
Page 54

CONFIDENTIAL
(This Page is Unclassified)

*u-r-



,r f f In q1 5  ?I Aw

..- 4- ~R ep crt AFrK•b-TP -66-4h

11.1, C, Denons2ration Test rogiram (cont.)

developmeu,: teutt during which the following operating conditions were achieved:

alti'Ade ignition, 19-1b/sec mass I'low, S4,'Kuu-JaDtPrust, ana - 6uu-psla operating
pressure. Thd hydrotest pressure for this chamber is 1200 psl.

(u) Because these conditions exceed the requirements of the present
progr.m, this chamber was selected with a high degree of confidence. A liscussion
of the stress analysis for this chamber is presented in Appendix IV.

b. Grain Design

(u) To obtain the required thrust :level. and firing duration, it
was necessary to use a keyslot grain. The keyslot grain used in the development
motors is shown in Figure 28. This particular grain had previously been fired
twice successfully by Aerojet-General in the DM-l 1 chamber.

(W) This grain design was analyzed with a computer program that
takes into account the effects of erosive buvrning. The preducted pressure and thrust
histories ere presented in Figure P9.

(u) The use of a keyslot grain raises the possibility of asnymetric
gas flow in the nozzle. It wae expected that the entrance Seo'tion of the nozzle

=_ would experience asymmetric er.osion, but that any asymmetric flow conlition would
-* not exit downstream to the point at which the tert exit cones were to be attached.

(u) The sea level qualification test did reveal an excessive
amount of erosion at two points in the aft chamber insulation. At thmeze two points
the chamber inner wall was exposed for an area approximately one in. in dtimeter. The
exposed steel wall was coated with aluminum oxide. This localized erosion was next
to the chamber side wall and existed at two points on the opposite side of the
chamber from this passage. An Aerojet-General-proprietar-y trowelable rubber %nsula-
tion (SD-650-15B) was installed in the four demonstration motors to be tested at
AEDO to provide additional protection in this ases-

c. Nozzle Design

(u) The nozzle to be used on the demonstration motor (Figure 28)
was similar to the one used on the subscale motor, namely, a tungsten throat backed
up by graphite and insulated from the steel housing by silica cloth. This nozzle
was thermally analyzed, and the expected temperatures in the throat region and exit
cone gre presented in Figure 30. S•uface temperature of the insert attain 43007
maxi•uim at 30 sec, and a gradient of 900*F was predicted to vary from 34OO0F on the
flame surface to a nominal 100MF on the exterior surface. No extreme thermal
environment was found for the throat design.

1I
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III, C, Demonstration Test Program (coat.)

(u) The igniter used with the demonstration motor was an altered
*uduuouzu lgni;er, Model 34F (Figure 31•), with Alco pellets repJaced r.j BPN pellets.

In addition, an auxiliary torus chamber and initiating squibs were incorporated to

provide a larger ignition charge. The necessity for this revision becma evident
on the sea level qaalification test. The auxiliary ifniter charge wag not umdon -

this firin& and the motor had an abnoral long ignition delay, indicating a margia
igniter design. The revised igniters provided successful motor ignttion in the AUC
tests... .. . .

e. Elastomeric Exit Cones

(u) The demostration elastomeric exit c'nes (Figure 32) were
scaled up versions of the V-k subscale exit cones witn the following changes:

(u) The wall thickness was made a coustant 0.3 in., -ather -than
a tapered section, as was used on the subscale parts. The exit sections of the sub-
scale cones had as much or more erosion thba the entrance sections. This was due in
part to the greater deflections that were present at the exit area. For the area
ratios tested, the erosion does not appear to be a strong function of area ratio.
The use of a constant wa& section aids the fabrication of these parts. The use of.
a constant wall thickness does add weight, but it'vas decided that tka Lncreaae in ...
rigidity at the exit plane more than compensated for this =al weight increase.

(u) Originally, the elastoric exit cones were to be packaged by
folding the exit section over the outside of the entrance section Into anS -sha•pe AD
shown in Figure 33 (the typical packaging method used in the liquid tert program).

(u) This means of folding was difficult to achieve on the two
exit cones tested on this program for two reasons: (1) these cones have a relatively
thick wall (0.3-in.) for their size (12.2- to 19.2-in.-dia), and (2) these cones
were reinforced by a nylon cloth tape on their exterior surface to provide the
required hoop strength which added considerably to the stiffness.

(u) For these reasons, it was decided to fold the exit portion
into the cone and to demonstrate deployment by inflating a circumferential rubber
tube attached to the exterior surface of the cone near the exit area (see Figure 34)
and "popping" the cone out into shape. This method of deployment proved successful
on a bench test.

(u) Because these cones were rather rigid due to the wal thick-
ness-to-diameter ratio, it was believed that there existed sufficient wall strength
to prevent excessive flutter during the planned 30-sec tests. A more elaborate
means of providing additional cone support was deemed beyond the scope of this
program.
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IIl, C, Demonstration Test Program (cont.)

f. Metarlic Exit Cones

(u) The metallic exit cones were made from 0.015-in.-thick sheet
columbium and were fabricated into a corrugated cylinder with convolutions tapering
from one end to the other (rigure 35). !wring ignition tne convolutes open up, and
the part assumes a conical Rhape with some residual convolution remaining to provide
additionhl strength. A stress analysis that conside. s the Opening of the corxugations
and buckling loads was performed on this pa-t and is Vresenited 1A Appendi4 IV.

2. Demonstration Tests

a. Sea Level Qualification Test

(u) The motor qualification test was conducted at Aerojet-General,
Sacramentc on 26 January 1965, with the motor achieving the predicted ;ressure and thrust
levels. These data are presented in Figure 36. Two problems were evident on this
test and hatve been discussed previously, namely, insulation erosion in the aft end
of the chamber and ignition delay. The remaining motors and igniters were reworked
to eliminate these problems. The nozzle assembl! exhibited no problem areas.

1. Test Program at Arnold Engineering Developuent Center

(u) The three test firings for this program were conducted at AEDCduring the first two weeks in October 1965 in Test Cell J-5 (seeýlgure 37). MW
is a horizontal test cell capable of testing solid rocket motors with thrust up to
100,000 lbf at altitudes in excess of 100,000 ft. A complete description of these
tests is presented in Ref 6. No major problems were encountered, and all the program
objectives were achieved.

(u) The motor performed as predicted with no abnoru.lties. The
measured thrust-time curve for each firing is presented in Figure 38 along with
chamber pressure and test cell pressure. The trovelable insulation (SD-850-15B)
solved the aft-end erosion pre Lem that existed on the sea level test conducted at
Aerojet-General, Sacramento.

(u) The revised igniter assembly (Figure 31) provided a soft,
reproducible ignition. Ignition delay, defined as the time from application of
ignition current until the first indicated rise in chamber pressure, varied from36 to 44 maec. An analog trace of thrust, chamber pressure, and igniter pressurefor the ignition transient )f the third firing is typical and is shown in Figure 39.

(u) On the second and third tests, the case of the fixed nozzle
sustained a hot spot (Figure 4O). Heating war not sufficient to cause failure.
It is evident that chamber gas leaked between the micarta sleeve insulator and the
nozzle casa with same localized gas circulation. Future test firings with this
nozzle design would require that this area be better sealed.
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III, C, Demonstration Test Proram (cont.)

fl I na%1oijwm&..i4 Ml Ui~a+#um4#%.4 V4+ '

(u) As discussed previc•ifry, it was p2ammed to impjl e*
eiastomeric exit cones by p'euuraizing a rvbber tube -hat vas a- 04 =0
exterior surface of the cone nar the exit plane. A variety ot diftrwnt t0iwe
were tried as well as a variety of folding techniques in the order at -aa sh4
deployment. Complete deployment was not achieved in any of these tests. A cmf-
tion of partial deployment was achieved in mwq instaweoe, a tyical w 1e of
which is shoun in Figure 41.

(u) It id believed that if the part were fired In tis em-
dition it would capietely deploy under the interal gas pressure. Hmmve, s
attempt was made to fire at a condition of potential deployment. On the first test
of the elastameric exit cone, the part was deployed before the teat chber m-
s ealcd.

(u) Subsequent to the first test another mean of deplomnt
was attempted. This scheme utilized a small traJer intertube as a bladder. The
bladder was placed in the exit cone, and the V-M exit cone was folded dm an top
of it and taped in place (Figure 42 and Ii3). The bladder wai. then pressurised,
forcing the cone to open. A number of complete deploymnts were accomplshed
cm a bench setup with this design, as well as am test on the Motor at gea leml
(Figure 4).

(u) Nearly coplete deployments were obtained with the exit
came in place on the motor at altitude (Figures 44, 45, and 46). This deployment
had only a small kink in the cone when the deployment test ended, and it is quite
certain that the exit cones would have completely opened durig a motor firing. At
wny rate, it is evident that, with a properly designed b1aier, an elastonseic camof this size cam ba folded and deployed.

(u) The two V-40 exit cones that were tested were repeatedly
folded into a sb&e in which the folded length was apprcximataly one-half the free
length (Fi•re 47

(2) Ero3ion of V-"Exit Cone

(u) V-4* performed exceptionally well as a high-expansion,
ratio exit coe material. A photosraiah of this camnonent during firing 4a show
in Figure 18. The postfi.e condition of t1ze tvo elastomeric exdt cones (Pires
49 through 56) w,". nearly identical with regard to material loss.

(u) Erosion data was obtained by sectioning one of the exit
nones and measuring the wall thickness with a micrometer at the various area ratios.
'fhe erosion rate varied from a maximm of 5.5 dio/sec at one point at an area ratio
of 35 to an avernwe iste of 1.6 aIls/sec at the exit section at an area ratio of 50.

Nge 70



Report AML-TR-66-45

E*.11

V1gW. 41. Deplormt of nm~tratiou V-"(&Jbdt Case with Cfrcw&Qematlal mwx
Psge 71

Thi. Page is Unclassiied



Report AtPUL-Tl-G6645

IUCAASMFED
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Figue 43. hMpj~oyinin of Downstfation V-446'ait Canb Us"n a Daddgw at Sea Lm~l
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PLg~e 44. Attempted Deployment of Demonstration V-44Dl ldt Come at Sea Level
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PLgure 45. Attempted Deployment of Demonstratioa V-44 Imit Cone at AltLtude,
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Pigure 46. Attempted Deployment of Demonstration V-44M)Exit One at Altitude,
Sequence 3
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Pigure 47. Folded Position nf Demonst:ation V-448ZDxit Come
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Pigure 30. Demonstration V-448Edt Oone after First Pirifg, Over&ll View
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Figure 31. Demonstra*Lam V-44SBxit Ooie Lfttv P'Arot Firing
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FIgure 33. Demmutration V-44UXNLt Ckeafbefre Third Pirl", OvezaL 2.view
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!I!, C, D•monstration Test rrogram (cont.)

(u) Th de4WmtWration exit cones did not hibit the scal-
loped erosion pattern that was evident on the subscale cones. The mataiLl Ios1
that occurred on these tests waz 3.75 and 3.12 lb from an orlginal prefire W
of approximitely1 2b. This vaeliht loss averazed over the conical surface W3ism
amount to an average erosion of 120 ails (4 milo/sec). THis average is 8nauebat Mighe-i than the true average erosion because sane of the remaining V-4•y liner w tll seom-
posed resulting in a weight 1 5 that would appear in this calculation of eroin.

This partially decmpuosed V-iW is still an effective thermal barrier.

(u) Figure 57 presents the measured erosion at variw •
stations in the exit cone, and Figure 58 shows the erosion of a typical longitudinal
section. The predicted erosion (see Figure 8) frrn the thermal analysis agmes wry
well with the measurement made On the secticined exit cone.

(.u) The movies of these two tests do not Indicate fluctattoms
in the V-4 1  exit cones at any time during the firings. The first test was with
the circumferential external tube pressurized to 25 pasi to provide additamal
stiffness. Because this did not appear to be necessary, the second V- 4 4exit coe
was tested without this tube.

(u) The te per&ture. histories for the two tests from back-
side thermocouples located at t = 23.8 are shown in Figure 59. This included the
30-sec motor test and a 30-sec beat soak. Maximum temperature during motor opera-
tion was 90OF on the first test and 98OF on the third test.

(3) Columbium Exit Cone

(u) The columbium exit cone performed very well, as it did
on the subscale testa. Unfortunately, the thermocouples broke loose very early on
in the firing, and.no more than 3.5 sec of temperature date were obtained. During
this tiua, the maximum recorded reading was approximately 2200"F. A second thermo-
couple recordcd a maximum reading of 4500*F at approximately 0.2 sec, but this
thermo-ole recorded wide fluctuations, casting doubt on all its measuremnts (see
Figure 60).

(u) It is evident from the movies of both the subscale and
the demonstration tests that the columbium exit cone ran such hotter on the demon-
stration test. The demonstration exit cone was white during the tests, while the
eubscale exit cone turned various shades of orange throughout the firing. There
was no evidence of aluminum oxide deposits on the inner wall after the test (Figures
61 and 62), whereas the subacale exit cone was completely coated with aluminum itde.

(u) The convolute opened during motor ignition and continued
to Mpen to a conic shape as the metal reached its peak temperature during the first
few seconds of the firing (Figure 63). An examination of the pictures taken during
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III, C, Demonstration Test Program (cont.)

the firing indicates that the cone opened to an 1-1 haif-aUgle. After the motc'r wa6
shut d&.)4 and the columbium exit cone had cooled to ambient temperature, the cone
retractgd to e 9.60- hrlf-angle, (ie gure 63). This corresponds to an exib area of

219 in.' and an expansion ratio of 38.0. The convolutes did not expand uniformly,
and the remaining corrugations had peak-to-trough variations from approxitately 0.21
to 0.26 in. .4

(4) Motor Performance

(C) The performance of the three motors in summarized
in Table 4. The total impulse for the three tests was 143,500, i42,0o0, 420,000,
and 1t3,580 lbf-sec, respectively. The total impulse was calculated by correcting
the thrust trace to vacuum conditions and integrating the resulting vacum corrected f
thrust trace.

(C) The specific impulse values for the elastomeric
exit cones, first and third tests, were 288,T sec and 286.0 sac,: respeatively, Whereas
the specific impulse for the columbium exit cone, second test, was 284.8. These
values for specific impulse were obtained from the stated total impulse calculations
and the motor propellant weiglts.. These motor propellant weighto are accurate to
approximately + 2%; therefore, the calculated specific impulses contain a possible
maximum 2% error due to uncertainty over the motor propellant weights,

(C) These measured specific impulse values corrected to
standard sea level conditions (100-sil chamber pressurey optimum expansion, 150
conical half-angle) are 242.5 and 240.0 sec for the elastomeric exit cones a1ud 239.5
for the columbium exit cone. The standard measured value for this propellant is
243.3, which was obtained from a series of standard test motor ballistic thsts.

(u) All three test values of' specific impulse are within
1.5% of the standard value, which it within the potential error in propelL t weight.
Thrust coefficients for the tests were computed from the vacuum corrected thrust
measurements, measured chamber presmure, and motor throat area. For the two elasto-

,*. meric cones, theme measured thrust coeffinients were 1.87 and 1.85, whereas the
theoretical thrust coefficient for a 150 exit cone with an expansion ratio of 50
is 1.87. The measured thrust, coeffiient for the columbium exit cone was 1.85, as
compared to a theoretical of -.. 87 for a 9.6" exit cune rt an expansion ratio of 38.

( A comparison of the four paramutero (measured
thrust coefficient, theoretickl thrust coefficient, specific Impulse from demon-
utration test, .and specific impulse from 10-KS tests) indicttes that they are within
the stated acouracy of the motor propellant weights and the data acquisition system.

(C) The addition of an elaitomeria or metallic nozzle
extension (weighing 11 and 3-1/2 lb, respectively) results in a theoretical increase
in motor- performance of 4.' 5, For these motorg., thin increase is approximately
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6IUUAY OF D3M4S1IATIM NMM~Z3 PSUORMAXR Wu

Motor seriaL. number CD
Xguiter serial nusk.er 6162 63

AIDC v~ast num.ber MCP518-01 m fi8-o RI'0P"-3

W~tor eiivIronwnt during 16 h~r
prior to call pumpdowmn F 83 83 83

Type -of nozzle Xtantomeric MOutLiloL~olet
!.lIticr± altitudie, ft 100.000 103,000 107,000
Average altitue-N, ft 212,000 112,000 U21.2A0
Propellant WONu, lb 1497 500 5w2

Postfire thrust arw, 1. 541- 5A.6'A
Pref ire exit area, in. 290.1 290.2.
Postfire sxIb am~, in.' 269.2 219.0 261.7

WLte1n idula, lbf-o366

fttal burn tint, see 3D.3 3D.8 30.8

)Wesured 11.2,&40 141.,8W011,2
vacuuma 1'3,500 lkp.2,I.0 2143,580
Popent vamua correrticm 0.60 o.44 )1.:

9PecifiC izulue, Dan 288:7 2814:8 286.0

f@ii(,'IMAeS,eeo 4 * 2142.5 2140.0 29

Mesrdthrust coefficienttjcorrected to vacuumconditions 1:87 1.85 1:85

an in aurt of aira-unfaenceo
WNorrel~d ",~ standard omnd.1tiom (1000-pal chmdber pressure, optium. e3Wiaison ratio,

and 15 Conicla half-angle)
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17, C, Demonstration Test ProgrR' (coot.)

boo LiDr-sec or toa.L inpuLse. Ir overall sysw.cm -weignt mui i'c nl •uvwamiu.. au.
equal decrease in propellant vel.hgt would reduce performance by .1100 and 1600 lbf-sec,
rep.Tectivelv. Therefore. it can be seen that with w inczýiaae in ayiete, vei"t, motor

performauce could be increased by 3300 lbf-sec, 2.3% with the elastmaric nozsle (or
40&o lbf-sec), and 3.4 % with the metallic nozzle.

c. Conclusions

(u) The test program conducted at Arnold Englnee•i•n Developmnt

Center met the program objectives successfully:

(u) (1) bumcessful motor ignition, operatiou, and poatfire heat
soak for all three tests were nonducted at a simulated altitude in excess of 100,000 ft.

(u) (2) Although an attempt to completely deploy the elastoieric
exit cone from a folded position at altitude was succesnful, the principle of deployment
was demonstrated by the successful deployments accomplikhed op sea level tests.

(u) (3) All three exit cones ve2'e stable during motor testing

and were in excellent postfire condition, demonstratLig the integrity of these m=teriala

for packageable exit cones.

(u. (4) Specific impulse dfta for the three moors demonstrated

tiat the tested exit cone performance was close to theoretical.

(u) (5) The corrugated columbium exit cone deployed to an P.rma

ratio of 38,0 rather than the desigaed expanss.on ratio of 50:1. Still, the principle
was successfully demonbtr:-'ed and, with better design information on the high-cempera-
ture material properties of colurabium, the required expansion ratio can be %chieved.

Page 914
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SECTION IV

WTE1V? WSW~ TV D~.~lA VV il' .M

(u) vie coulp.etiou or'tets Gnsa EX supported TJe Ieas1bi1ity of using
expandable exit cones on solid rocket motors. However, there re-ain certain asem that
require further development: (1) deployment and support of elastomerie exit coes
(2) the analysiL of external flow and aerodynamic heating on the exit corn, sad (3)
the analytical prediction of loadings and deflections of elastomeric exit cona ismlr
typical TVC loadins.

iu) The experimental work done to date vith elastomeric expandable exit comes by

bot Liuid•,cetOperations and Solid Rocket Opexwtions of A.erojet- nor I indlatax
the major problem to be one of deployment, with associated problems of folding aud
supporting the deployed cone. The subicale and demonstration test prorams condcted
on the expandable nozzle by Solid Rocket Operations definitely established that the
tested elastomeric materials can withstand aluminized solid propellant gas flow when
adequately supported.

(u) Liquid Rocket Operations has been working on the problems of aeploy•met and
exit cone .uyport' and is investigating a nvaber of promising desigan. These design
concepts are readily adaptable to solid motors and should be investigated In sizes
and thicknesses coupat..ble with solid rocket motors.

%u) Txpand.ble exit cones for solid rockets require thicker wall sections than for
liquid rockets operating at the same chamber pressure and durations because solid
propellant gasea with metal or oxide particles are much more erosive.

(u) In general, the expandable exit cone sections for solid rockets are smaller
than those that have been tested for liquid rockets. Thus, folding and deployment
of solid expandale exit cones differ from those that are being tested for liquid
rockets because of the higher ratio of vall thickness-to-cone diameter.

(u) The effect of this difference cannot be evaluated analytically because of
W complexity of the problem and mu.st be determined by testing in the solid rocket
configuration.

(u) There are a number of deployment methods to be considered. One such deployment
method is the pressurized tube concept shown in Figure 30. A series of flexible tubes
are attached longitudinally to the exterior of the exit cone surface and are manifoldec
at the top and bottom. The bottom manifold is a steel torus fixed to the nozzle
attachment flange, and the top manifold is a flexible tube. The complete tube assembly
is bonded to the exit cone and sprayed with a silicone-base rubber material.

Page 95
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rV, Future Work in Packageable Exit Cones (cont.)

'a) A second concept utilizes an inflatable bladder. Exit cone deployIet and

The expandable exit cone and an outer bladder are stitched toptbar by al•a fibers,
and the entire assembly is vulcanized ftto one Integral unit. Dploy07MA A
stability are obtained when the Jacket is Inflated. 1 he advantages of this tacbnlque
are a lightweight deployment structure and a continumms uiform is pressure In the
supporting jacket.

(u) Another concept proposed by Liquid Rocket Operations Is a comblnation of a
metallic exit cone structure and a foldable elantueric exit cone. we metallic
cone structure backs up tte elastoneric exit cone when It is deployed by either
mechanical actuators or a pneumatic system.

(u) Each of these concepts appears promising and should be investitated for use
with solid rockets.

(u) The use of a Imtallic radiation-cooled exit cone appears most promisifh.
The testing done to date has established the feasibility of metallic radiation-
cooled exit cones on both liquid and solid rockets, with either a fLed cone or a
convoluted cone. Additional information is needed on material properties of
columbium and tantalum alloys in the high operating temperatures of rafiation-cooled
exit cones to consumate these designs. Also required Is additional analysis and
test.'ri of the opening of the convoluted cylinder during motor operation.

Page 96
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AYMI I
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APPDfIX I

DERIVATI OF LIQ- ROCK OPERATIMu ' HAsIA1, EFMT1V =ZS8 PARAM]M

A AWA'.VA T

(u) This appendix presents a heat transfer analysis of the ablative.
materials tested on the liquid Lark engine; the original analysis me pre.ented
in Ref 2. Symbols used herein are defined in Section B of this appendIx.

(u) It is asuAed that the heat flux into the rubber wall pzvuces a
corresponding increase in material ablation rate, neglecting any blocking effects.
The heat balance an the wall element is

=H h (T•a. r) (9q 1)

The recovery temperature, wall temperature, and heat of decomposition are taken
as constant and relatively independent of nozzle area ratio. The heat transfer
film coefficient is predicted by the Bartz equation

h 0.026 Cp•" P)08 I . (]Cq 2)he * r 0.26 0.9

If it is assumed that the heat transfer film coefficient depends only on the
diameter, the expression reduces to

1.6
hc = _ , (1q 3)

If this expression is substituted into the heat balance equation and integrated
over the conic divergent nozzle, the result is given below:

H b 1 8 (eO- ( _ O.l)(W _ .8 0.026 (Eq 4)
H = -X2 W• V .z. (Taw - Tw) e a t sin a

(u) The factor outside the brackets is a nozzle geometry parameter,
whereas the factor inside includes both a material ablation rate and heat transfer
environment factors. The larger the factor, tho higher the heat of decomposition
of the material. The factor inside the bracket will be used as a material effec-
tiveiese parameter for comparison of one material to another. It is described as
an effectiveness parameter, .

* 02 (Tý -T) (a 0.1 0.1 0-) (Eq 5)
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A, Analysis (cont.)

(u) In the test series, the total expausiou ratio and attachent, area
ratio are varied by the nozzle redeain as• Yell as the total DroDellant miht flaw
rate. The throat diameter also varies. The wall temperature is taken as 50067 for
all materials tested. This was obtained from the 1961-62 test seriew for Gen-Gard
V-I4 rubber material.

(u) It is realized that for materials ecotaining asbestos the mll tem-
peratures would be higher, b-t the asbestos does riot ablate. Sbn temperature that
3hould be used is the deccuposition temperature of the material that ablats away.
Combustion efficiencies were used in the detenination of the recovery temperature.
The recovery temperature is related to the static gas tempsrature and cambustion
temperature by

Taw - Too 3.,rpr (Eq 6)
"sltag. - Too

lite stagnation temperatur'e is correcte4 for combustion efficiency by

2

actual tbeor, theor.

(u) A tabulation of the effectiveness parameters for the materials
tested on the Lark engine is presented in Table 5.
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Cospound Ktectiv- egaa
Vendor Desj ia4oci gsositic-W o~r Par~e~s rma~tar
.,Genral Tire & Gen-Gard V45 SM, $DLic 172/4I2l
Rubber Co. " en-Gard v44 'ME", Silica, Asbestos 2-5/1160.

Oefi-Gard V50 MM, Silica, Low-Temperature ~ 291/1415/665
Plasticiz.er

Uen-Gard V52 NM, Silica, Asbestos, Low-Temperature 472/o0
Plasticizer

9790-1V-29C SER, Silica, Asbestos 539/900
9790-IV-31C SER, Silica, Asbestos, PIenolic 323/580
Gen-Gard V62 SERI, S.lica, Asbestos, Phenolic 342/525
Gen-Gard V63 SBR, Silica, Asbestos, %henolic 490/741
9790-iv-138D x"-139, Silica 220/298
7409-II-39C EMT, sili&a 930
.7242-i-ii-lX Butyl, Silica, Asbestos 506/935
9790-W-1IU Epoxy, Silica, Asbestos 172/459
7242-IIh-lOA Silicone Rubber, Silica - 2A/2145
9W90-IV-126A IMh, Phenolic, Silica, Asbestos 99
7242-III-4cC Silicone Rubber, Silica, Asbestos 901
9790-IV-146A Silicone Rubber, Silt%:a 157

Raybestos- RL-2061A Asbestos-Coated Inconel Wire 28C
Manhattan Aluminum-Coated Silica-Filled Buna-N

* RL-2O61B Same as above but no coating 286
RL-2061C Silicone Rubber, Asbestos and "449

Wire Cloth
RL-2061D Proprietary Material 312
2169-14 Proprietary Material 224
CL 8575-8 Proprietary Material 400
CL 8575-7 Proprietary Material 830
EL 21103 Proprietary Ma lerial 566
CL 8575-7-F Proprietary Material 481
CL 8575-7.-E Proprietary Material 580
CL 8576-7-D Proprietary Material 812

American
Poly-Therm Co. Refrasil-Oilled Polyuretane 419
Nobel Research Modified Phenolic 350
Iaboratory

SGeaeral Ireand Rubber exit cones were reinforced with nylon cord.
SWhere data for more than one test vas available, the effectiveness pvrameter for

each test is given.

5 . Legend: UBB - Nitrile Butadiene Rubber
SEP - Styrene Butadiene Rubber
EPT - Ethylene Propylene Rubber
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B. WOME4CLATURE

63p"ol refinition

At Throat area, in.2

C* Characteristic velocity, ft/sec

p0 Specific heat at constant pressure, Btu/1bIF

D Local d1iameter-, in.

D* %Troat diameter, in.

H Total heat flux, Btu

h c Convective heat transfer, Btu/ft2-hr-40F

A M Materiel weight loss, gm

Pr Prandtl number

Taw Adiabatic vall temperaturc, Or

TV fall temperature, eF

Tatag Stagnatic ' temperature, OF

Too Free stream temperature, OF

tb Test duration, sec

v Motor mass flov, lb/sec

d/de Elemental ,material loss per unit area

Exit-cone half-angle, degree

£ Expansion ratio

a Expansion ratio at cone entrancea

SEpasion ratio at cone exit

Absolute viscosity, lb/ft-hr
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APPMDfl II
THER•AL ANALYSIS PROCEDUR1

[jA. DMCHIPTION

(u) This appendix contains a discussion of the heat transfer to the internal
surfaces of the nozzle design that was generated during tht design phase of this
program. It is included in this report to show how the resulting transient temper-
atures of the pertinent nozzle components are calcu2ated.

(u) Symbols used in the calculations are defined in portions of the text.

B. MEMHOD OF ANALYSIS

1. Convection

(u) The thermal analysis of the expandable nozzle consists of pre-
dicting the transient and steady-state temperature distribution in the various
nozzle components. This analytical prediction requires the evaluation of the
surface heat flux, which subsequently is used to evaluate the boundary conditions
necessary for solution of the transient-conduction equation.

(u) The surface heat flux due to convection is governed by the
relation

q = h c (Ta -Tw) (Eq 1)

where

Convoctive heat flux, Btu/sq ft hr

hc C = Convective heat transfer coefficient, Btu/sq ft hr OF

Taw = Adiabatic wall temperature, *R

Tw = Wall temperature, *2

(u) During this thermal atialysis, the Colburn equation, originally
developed for fully developed flow in circular ducts, was used to evaluate the
convective-heat-trancfer coefficient of Equation 1. Although the flow in nozzles
docs not correspond to the flow in constant-area circular du'cts, previous experi-
ence with nurerous motors with nozzles geometrically similaz to the nozzle design
considered here has shown that accurate results are obtained by using the Calburn
equation to evaluate the ionvective-beat..tranat'er coefficient.

(M) The dimensionlesa form of the Colburn equation corresponding
to Reynolds analogy is

cu Pr'2 0.023 (Eq 2)
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B, Method of Analysis (cont.)

where

p = Local propellant gas density, lb/cu ft

u = Local free stream velocity, ft/hr

Cp = Specific heat at constant pressure

Pr = Prandtl number

D = Local nozzle diameter, ft

g = Absolute viscosity, lb/ft hr

(u) The mass flux in Equation 2, at the throat of a nozzle (*),
is given by

er(Pu)* - CwP (Eq 3)

where

Cw = Propellant mass flow coefficient, hr 1

Pc Z Absolute chamber pressure, lb/uq ft'

(u) When the equatiouA of continuity is used, thu local masms flux (b)
at any location in the nozzle becomes

A*

where

A - Local nozzle area, sq ft

SA* w Throat area, sq ft

"(u) Equatoion 4 can be substituted In Equation 2 and simplified to
obtain the relationship

h O.OP3V PýC -23(* . (Eq r5)

(u) Analytical and experimental atudies of motore with conventional

nozzles similar to the configuration in this study ham indicated that particle
impingement and radiation arb negligible contributions to the surface heat flux,
as compared with tle convective contribation. jsaaed on this finding, Equation 1
was used to approximate the total heat flux.
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B, Method of An:alysis (coilt.)

Iu) The adiabatic wall ýemperature, Taw, Contained in Equation 1, in

divml byU1rb'A 1zj Tht

Cw W. Y """ , -. L.) in- .

whea-e

R = hocovery factor

y = Isentropic coefficient

M = Local Mach number

Tc = Chamber gas temperature, OR

(u) The recovery factor fc,2 a turbulent boundary layer is obtained
from the Seban equation

R= (Eq 7)
(u) Total heat 2lux to the nozzle interim wall is then obtained by

substituting Equations 5 and 6 in Equation 1.

2. Transient Conduction

(u) As noted earliex, the thermal-response character of the nozzle
components is obtained by solution of the transient-conduction equation wit" the
appropriate boundary conditions. The general transient conduction equaticn, expressed
in cylindrical coordinates, is

•T 8T a T T+ -g - ()-T (Eq 8)

p 88 = Tr r(rqBz)

where

k = Thermal conductivity, Btu/hr ft *F

r = Radial coordinate, ft

z = Axial coordinate

W = Material density, lb/cu ft

Cr = SpecifIc heat, Btu/lb OF

= Time, hr
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B, Method of Analysis (crnt.)

(u) The boundary cond~tions used in the solution of Equation 8 are

obtained from an energy balance at the heated surface. At this surface, the heat
flux to the surface is equal to the heat flux leaving the surface in the absence
of abl'tion, or

4 1 (T~1, -Tw) -k(4)-r~ (Eq 9)

where /) ri
/

k = Thermal conductivity of the surface material, Btu/hr ft *7

ri Radius of Lnternal nozzle surface, ft

When the surface material is known to erote, the surface boundary conditions now
become

q = hc (Ta -T•) "k "F +heq1-0{•i)
q c av a ref'~ 0r =ri r =r,

= Effectivie ablation temperatiue, OF

heff = Effective heat of ablation, Btu/lb

(u) With the heating rates and boundary conditionp as noted above,
the data presented in the appendix were calculated by a general thermal analyzer
program written for the IB O 7094 computer. A modification of the Dusinberre
explicit finite difference technique for heat flow in multileyer solids is used
in this solution.

(u) The difference equations are described to incorporate variao]e
thermal properties, multidimensionail heat flow, and boundary conditions required
to predict any transient or steady-stage temperature enviroamnant.

3, Radiation EQuilibrium

(u) For a thin metallic wall, the temperature at which the net
internal heat transfer is equal to the external radiation heat flux is defined asthe radiation equilibrium temperature, The value is estimst6d by trial and
error from an equation of the form Teq'

C( eTq) = w 100OO

where

Wall emissivityW

= Radiation constant

Conventional methods are used to evaluate the internal heat imput.
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APPMID III

GEIMAL DESCRIPTION OF AEJM-GEMAL 3BK 7T094 DIGMAL OM M PMMG5

(u) The general approach to the thermal analysis of a specific configvatbioI

consists frrst or defining all local boundary heating condItions. Wfen th( proper
hebt input parameters have been established, transient and/or steady-state tempera-
tures for the given configuration are predicted by one of two general heat con-
duction solutions to the Fourier equation that have been programed on the IN 7094
computer.

(u) These programs vary in complexity and include multidimensional heat
flow, variable thermal properties, and moving boundaries. While both programs
solve the same basic equation, the choice of program depends primarily on the
material and complexity of the heat flow path.

(u) All boundary conditions are known, and only the temperaturo distributions
in a given configuration are desired. A discussion of tht different available
computer programs follows; the well-known transient conduction differential equations
and boundary conditions given in Appendix II are not dearibed.

(u) If a simple one-dimensional solution to the Fourier conduction equation
is adequate, the first of the two programs will be used. This program io capable
of calculating the one-dimensional temperature distribution in any ,,mltilayer
compbsite. The particule method of solution is numerical, wherein the given
configuration is divided into a large number of individual sma.U elements. Earth
element in small enough that accuracy and convergence of the numerical solution
is achieved. These criteria are built into the program so that the same high
degree of accuracy is always achieved.

(u) Also, the heat capacity is considered concentrated at the. center of each
element, while the thermal conductivity is calul-ated as the average value between
adjacent modes. Thus, a tampcuiature variation of these thermal propertias can be
incorporated. Output format allows each calculated temperatu%.e to be printed 0.
any dosired time interval.

(u) Because the cow figuration details of the nozsle throat regio(n analytiiad
for this program are such that multidimensional hQct flow exists, the General
TbermaJ. Analyzer Program, Program 278, was used,, This particular program considers
each node. as part of an analogous electri 3.i network.

(u) Thkus, the region to .Se inalyzed is again divided irnto a `Unge nwber of
small elements or nodes. The heat capacity is concentrated at the ceAt'v oll :',I-h
n•de, and togethe,- witza the volte, defines a relativc electrical cartw.i ,Y..
resistances between adjacent no&as are lumped to defL-e the relative heat flor. piths.
A program solution calculates the temperature at eacL ,nde at t We end of a series
of finite time stepa. Ou.tput data includes the tempev.atu•re at any node for any
desired time Inturval.

.... ...
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(u) In addition to the conduction network solation, the program I& capal~le

(u) (1) Cathode Follower: This function substitutes the temperature
of any specific node for tneat of any second node at the and of each time Interval.

(u) (2) Radiation Resistance: This functiun computes a peeudo-
radiation resistance which may be used as a simple conduction resistance in the

•. temperature solution.
tpea (u) (3) Phase.Transition; This function handles phase transition of

any specific .node.

(u) (4) Convenction Resistance: This function expresses the film
-res~istance for convection heat transfer as a simple conduction resistance.

.0 (u) (5) Arbitrary Heating: This function computes an arbitrary heat
Srate for any npecltied interior ncde.

0)( (6) Arbitrary Functions: P'rovisions are made for tU6 tabular
dependency of any of the individual sambers of the four primary variables in the
network 'resistance, capacitance, temperature, time) on any other memrer of the
network.

(u) (7) Catact esshetance: This function handles any temperature
drop at the boundary of the dissimilar so'Alds.

(u) Thus, from the abovo% descripticnr., the' temperature response of any phyuical .

n-dimensional system that fcan be expressed as an. electrical analog can be predicted.
The major diuadvantage of this program, primarily because of itt versatility, is the [
excessive quantity of required input perameters. To this end, a setup program which
eliminates all heand calculation of resistance, capucitance,' etc., and punches input
cards for the main program has been developed.

(u) To illustrate this input procedure, . sample program is presented- The
detail of the present nozzle configuration is pr,.ented in Fiaure 64. Fig:ure 65
shows the sample section laid out on an X-Y grid. This section ,a. then broksn into
aeveral areas, each containiun a temperature woin? or node. Each node und a&l
corner points of each node are then assigned t, consecuttve number.

(u) This cordinate descrtptip$n and input numbering system, together with
appropriute input parameters, thus defines completely the conduction problem to
be colved. With this input format, the time required to set up a typical transiant
conduction problem hae been reduced from several days to a few hours.
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APPENDIX IV

STRESS ANALYSIS FOR EXPAMDABLE EXIT CONE MKTOR

A. SLWfR V
This appendix preuentz the structural analysis of ti* motors to be used

in the exn~1able exit cone program. It includes an analysis of the Modi•,d. 30WK-
5000 chamber that will be used for the demonstration firing, as well as the. analysis
of the nozzle and exit cone for both the subscale and demonstration motors. The
chamber for the subucale motor is an off-the-shelf Item3 therefoxe, the structural
analysis of this chamber is not included in this roport.

The maximum duration of the subscale motor will be 60 sec, while that
for the demonstration motor will be 30 sec. The design criteria for both motors is
presented in Section C.of this appendix. The results of the structural analysis are
presented below. Sy•ibols for the analysis are shown in Section F.

Sumnmary of Stresses

Item Stress D of Stress H.S.

Subscale
Nozzle * *
Nozzle support 3.917 psi Tension 022
Exit cone T60 psi Tension i.63

Demonstration
Ckamber 91 ksi Hoop
Nozzle * * *

Nozzle support 118.3 kei Bending 0.37
Exit cone 7,262 psi Tension 0.58

*3ee Nction E19.

B. DESCRIPTION

1. Chambers

The chamber that will be used for the subscale firings is an rf?-the-
shelf heavy-vall test motor.
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B, Description (cont.)

-iti ThTp c-lmhamr tVht will be used for the demonstration motor is

basically a 30KS-5O00 r chamber that has been lengthened and has had a flange provIted-
at the aft end for attL 'hing the .losure. The chamber Is now 76 in. longv,with an OD
or 15: Jin. m,•ad thickmm;' 013L•

2. Throats ....

(u) The throats of toth motors are very similar and coneiqt of a
sllver-infiltrated tungsten throat inserted in a large block of AN graphite that forms
the entrance to the throat and tha forward portion of the exit cons. Tho graphite is
then wra.i•ped by a silica insulating material, which is backed up with a steel sleeve.

3. Exit Cones

(u) The exit nones for use oii Lhe subscale motor are truncated cones
with a flange at the smaller end. One design is based on the use of elastomeric material
to mnke the cone, and the other designs use either 9OT% - lW or col"mbium foil.

(u) The exit cones for the demonstration firings are made from the
same materials as those used in the subecale firing. However, these exit cones vill
be much larger than the subscale exit cones, and the metallic cones will have their free
ends corrugated so that initially they will be cylindrical.

C. DESIGN CRITERIA

(u) The expandable exit cone program is a feasibility program designed
to determine the charucteristics of snch an exit cone. The pressures and temperatures
for which the motor hardware are designed are shown below for both the subscale and
demonstration motors.

1. Pressures (Both Motors)

Mlaximum
Expected Factor Design
Chamber of Yield Hydrotest
Pressure, Safety, Pressure, Pressure,

Item psi psi psi. psi

Chamber 500 2.5 1250 1200
Throat 500 1.0 500 ....
Throat Backup 500 1.5 750 ---
Exit cone 500 1.5 750 ---

Page :118
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C, Dsign Criteria (cont.)

2. Teaperaturee

(u) Both the nozzle and exlt cone were designed for use at elgated

In MOB,2j(2) ',and Fi'r'es 5, 6, and 30 of •xts report.

3. Thrust

(u) Tie lemons5anation. motor i& designaod for an azial thrust of
5400 lb.

(u" The material properties of silver-infiltrated tungsten, colambium,
and 90Ta - 10W used in the stress analysis in this appendix are shown in Figvres 66
through 7o.

D. THEMAL STREMS ANAMIS PROGRAM, PROGRAM ,978

(u) The thermal stress analysis program, Program 878 (Ref T), for the
ThM T097 compu~tr is used for the analysis end Uesign ot' nozzle confl•gratiuns, with
yArticular applicaticn to regions where a 3Arge thermal .3rad'.int exIist i.n the radial
direction.

(u) In this 1,xogram, the thrmt is. 4l'ided into a series of conco•bric
.shells which are assumod to b,• of infivite lrgtth. The material properties and nozile
geometry are pAt into the computer which then c,.mputes the o'xresses in the raiial,
longitudinal, and tangenti&.1 directlons.

fp = Art re+Bxx-S(q1
fe " r 'r + Art$ + D-Ixx "X (Eqi.)

r .-Eý (C-ax~x)V(r (F4 3)

whsre

1-V2 E
A X r(r + Vr%)( - V -2V)

Bra (I (+ )Vr - Vx r,
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D, Thermal Otress Analyris Program, Program 878 (cont.)

Bx 2i 2V
r x

K =(Ar + B )r + B a

Er r r x x

Er

x

f = Stress in radial directior
p

f = Stress in tangential directionf = Stress in axial directio~n
x

S= Strain in radial direction due to f
rrce = Strain in tangential direction due to fr

t = Strain in axial direction due to oi

T = Temperature differential between time being analyzed and time zero
EX = Modulus of elasticity in x die.ection

Er=Ee = Modulus of elasticity in radial or tangential direcbion

V = Poisson's ratio in longitudinal direction
x

Vr=Vo = Poiason's ratio in radial or tangential direction

(u) After the computer has found the stresses at each interface, it
prints out boLh the original inpit information and the derived stresses for the
radial, tangential, and longitudinal stresses at each interface.

E. STRUCTURAL ANALYSIS

1. Chamber

(u) The chamber tnat will be used in the subscale firingd is an
off-the-shelf heavy-wall test motor for which no str•b an lysis is incluaced in tnis
report. The demonstration motor uses a modified 30KS-5000 c=amner, and thc stress
analysis for this chamber is presented in this section.
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2. Geoie tvr £

(u) Design Yield Pressure = 1250 psi

-Chber Insulation -- Propellmnt

Material: 4130 steel

Fu =140 ksi min

= 120 kis (Ref 3)
ty

3. Cylindrical Section

PR 1250 x 7.5751
a Hoop = 0.103

91,000 psi

M.S. ~120_I 03
yield i-y -w =0.32

4. Aft Closure Joint (Hydrotest)

17"
Plate L I-u

1- 
/1
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Mu) conservative valucox for I tlit stressui.s in thI pla c'n b'. J'oonri

by using Case 1., Page 1.94, of Roark (fi, e ).

3= 'w (3m + 1) 112,o00 pai
max 8U'm t2

v * V2 p = 284,000 lb

1rn = - = 3.33

M.S. - 12= 0.07

5. Aft Closure Joint

Bolts + R

(n) A conservative vaue for the . 17,O" Dia.
moment at the bolt circle can be found by assuming
the plate is fixed at the bolt circle. This moment 075O1"
can then be reacted by a couple located at the bolt -15.12"1 Dia.

circle and the edge of the plate. From Roark, Page
195, Case 6 (Ref 9), the stress at the bolt circle
(edge of a, fixed plate) is: P 1 l250 Pei

PU

max 2

6M
This stress is also equal to -6-

t o

:.M = 77-r 5170 in. lb/in. P = 750 psi

•Bolt Load -FP + R = "z• + M ) bolt spacing

p 0.75-

32,400 lb

.g

, i Page 12'(
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14,y

I o)

6, Aft CloRure Joint

(u) section Between Bolts

M 8950 In. lbin. 14 ,----94n,4

0. 811, 'U

a 6 m 3.34 ,Bo r;1 .P53 •,

M.S. 120 -. 70

yield

(u) Junction of Flange and Barrel

f-
0

.
2 9

11

M 0.30o4 PEt .,

(Ref 9, Roark, Page 270, Case 9) = 0s
P -1250 psi

M = 810 in. ib/in. .-. _/

PR + •M 7 4,00o psi
merid 2t 21

=120 ,

"M.S. 120- 1 0.6 •

*Based on 16 bolts
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(u) Membrane

(u) The surface of the forward clo~ure is generated by a 2:1 ellipse
iho.ving a semi-major uxis of 7.46 in. The thickness of the forwaa'd closu'e is 0.10k Iu.
for tnis eilipsu:

= •-• 90,000 psi
Choop merid =t=

120
- m.s. = -R• - 1 = 0.33

(u) igniter Boss

The ignite:, boss was armlyzed here by using Ref 1)..

A = 0.28 Available

a - 7.46 0.7"5"Itl

t = o.lo4

A = Optimum boss ares

Rb
- = 0.29

Rbt
1 = 1.75 x 0.104 x 1.51 - 0.27

Because A > A, the boss is satisfactory.

8. Forward Skirt

(u) The forward skirt will be checked for stability under a thrust
load of 5400 1b, assuming it is a cylinder.
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E, Structural Analysis (coni.)

I = 8.o in.
R = 0.1 in.
t = 0.4 in.
L/R • 1.0

/t = 202

CrC__r (x 1o3) ..4 (Ref l12)
E

1.4 x 29,000 40,500 pSi
cr

The compressive stress due to the tLrust load is

S4 oo2680 psiGc V 7x Ib.I x 0.04

M.S. _ -1 = High

9. Thermal Stress Analysis

(u) A thermal stress a'-iysioL (Computer Proexam 878) (Ref 7) wab
perfo •ed or both 'tc subjeele and demn.stration motor ti.roat inserts uznng tne
temperature profilcs descrijed in IIIB,2a,(2) and Figures 5, 6, and 30.

(u) The results of the two analyseF at, very simiJ -. Both are
strunturally adequsle with similar mar ins of safet:;.

u) Detailed results of the throat insert analyses for the subscale
motor are prisented in Figures 7" trough 79 and for tne demonstration motor in
Figures 80 througn 84.
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E, structural Analysis (cont.)

10. Nozzle §unprt

a. Subseale Motor

(u) (i) Design Condition

(u) The nozzle support structure for the subscale motor
is designed to keep the nozzle in place when the chamber pressure is 7T0 psi.

General Configuration Subscale Nozzle Support

D

1•Re tainer

SBolts

4 Bolts

Page 1I&5
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E, Structural Analysis (cont.)

(2) Analysis o E.lection loads

(u) In computing the ejection loeAs on the support I
S.... ...the efae-- a6 oSe wil M c ati V0 neglected.

%j. PJ AJ [1 + 21 .- Ps Az l +YI 2 1 + Pi (A.s Aj)

vhere

FF= Ejection load on the nozzle (lb)

P - Pressure (psi)

A- Cross-sectional Area (in. 2 )

Y Coefficient of specific heats

M - Mach number

Subscripts

J - Nozzle entrance section

T = Throat section

I= Exit section

S = Seal

Aj = 7 x 2.4112 - 4.676 in. 2

- -= 32.6
T=~x o.427 2 = o.143 AT

A T = r x o, .4 2 A E 1.8 2, •AE Vx 1.822  -2.601.18

ABS ý x 11.3252 = 141.691
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E,, Structural Analysis (cont.)

(u) Using the above ar~eS ratio$ and Ref 1.3, and assmi-ng
t hat y - 1.2, gi ves the follow ing values for tre asure and bs ch iniv aber +. h &w.wa~ s, IL. _and exit sections, respectively:

-J .. .. C
PE -0.005761c

3.693

Therefore

111.691 Pc - o.26o Pc 14".431 PC

(3) Analysis - Retainer

(u) The retainer vill be AhC Sketch SK-0874-8
analyzed conservatively, assuming all of the ejection Material: 4130 Annealed
force on the nozzle is reacted at a radius of 1.42 in. rt(R u

ef 8)

Therefore

14.431 P

Page 1107
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E, Structural Analysis (cont.)

(u) The bending moment at the bolt circle is:

M 1.617 P x (2.437 - 1.142) 1r.42W O.m2 I
6 m 7T(bolt circle did

'"•b -2 x We10ot circle dia) - n (bolt dia)

6 (0.9582 PC 2_r 2.437
0.3752 2 7r2.43T - 14 (0.ZU

88.Mo Pc
- ".6o 54.951 Pc

55 ksi.M.S. = -1 =0.33

(u) The load in the retainer bolts is due to the ejection
load plus the reaction to the moment at the bolt circle

14.431 Pc
.bolt = 3 + 0.9582 Pc x 2 T x 2.437/14 x 0.25

= (1.0308 + 4.1920) P

= 5.2228 P c

strength ~Pallowable for 1/4-in, socket-head cap screw is 4800-lb yield

M.S. = 4800 _1 0.225.2226 (750)

Page 148
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E, Structural Analysis (cont.)

(u) A conservative 5 IIz
analysis of the plate will be made by assuming ,
it is a simply supported beam.

W - PI 6.,

Material: 4130 Annealed
-ty =55 ksi

]ty Ref 8)

The maximum moment is

v = 14.691 x 750 - 11.018 lb

M = 1,018 =. 6. = 8952 in. lb

5 M 6 x 82293.1
ab = k-= i- r =.Jfl 28,300 Psi% b--2 T8.5-3.635) 0.6252 18,300s

b t.0

M.S.yield 3 -1 0.94

(5) Main Bolts

(u) The four main bolts not only hold the nozzle on the
closure, but they also hold the forward and aft closures. In computing the ejection
load on these bolts, it will be assumed (conservatively) that the nozzle is plugged
and that the motor is sealed at a radius of 4 in.
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E, Structural Analysis (cont.)

FeJ =- 750 7r 2 - 3T,699 lb

The stress on each of the 1-in. bolts is

T 3,69 = 12,000 psi

(u) Using a yield strength of 30 ksi for the bolts gives the
following margin of safety

M.S. 30. -1 1.5

b. Demonstration Motor

(u) (I) Design Condition

The nozzle support structure for the subscale motor
is designed to keep the nozzle in place when the chamber pressure is 750 psi.
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E, Structural Analysis (cont.)

(u) (2) E.lection Load Fx Rdt rona rmaatoifi

Pj = 12.9 Aj - 130.7 in. 2  Aj
DT = 2.72 in. AT = 5.81 in. 2  AT 2249

DE = 11.15 in. AE - 97-.4 AE2
-- - 16.8

DS = 15.12 in. As . 179.55 in. 2  AT

p1i M 0= 0 P = T50pPi
= 1.0 

3
c~ E w.~ p 4-.I&74T5 PsiP E

- = o000633
C
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E, Structural Analysis (cont.)

r eJ +i J% k A' "'rJXEJtkL' .ME I (Ai -s'iT)

= 750 (130.7) - 4.7475 (99.64) (1 + 1.2 x 3.64') + 750 (179.55 - 130.7)

- 98,025 - 7994 + 36.637 = 126.668 lb

(u) (3) Stresses

(a) Cylindrical Section -t 0.29"

M&terial: 14130 Normalized P w 486 psiFt• = y 70 kui (Rer 8) R

P ,- P--

P - 126,668 lb

(u) The thezmal analysis discussed
previously indicated the maximum interface pressure between
the insulation and the steel was 486 psi. Therefore, the
hoop stress In the cylinder is

L T7.35 x 486
7hoop t u1200 Pe

t 0.29 -1,0 m

Meridional Stress

(u) The ejection force "P" on the nozzle is 126,668 lb.
Therefore, the meridional stroes in the nozzle shell isa

126.668
ri V (7.35) (0 9458 Pei

M.g how2



I

Report A =RPL-TR-6-i5, Appendi rv

E, Structural Analysis (cont.)

213676 D, 12.937 D

Nozzle SheUl

4130 Cond A

Fty = 55 ksi (Ref 8) vas t

Retainer Ring

4130 Cond

Fy = 63 ksi (Ref 8)

(u) The maximum moment on the retainer ring .ý:nd t'h_ flange
occurs at the bclt circle

p ~1P6 668 l/n"F (bolt circle) r7 2371 lb/in.

Nbolt circle = 2,371 x (17 - 13.676) 3,940 In.-lb/in.2

The circumference at the bolt circle is

C = 7r x 17 53.4 in.

The material removed for bolts is

d = 16 x 0.670 = 10.7

The stress in the retainer ring at the bolt circle is

b 6 x c 6 x3VO x 53.4
4 2 c-d 0.25 53.- '-0.T

or =1 il,5Psib

X.S.yield = -1 = 0.37

- The stress in the flange is

=j x 394 x = 29, 5&
1T

.S.yield - -1 = 0.85
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E, Structural Analysis (cont.)

The bolt load is 7ý + F-. Li
-p -'-"'

F 0 = 5629 lb/in. 1.667

bolt 8ooo lb/in.

Bolt spacing i R0.7

s = * 3.34 in.

Total bolt load is 26,T20 lb/bolt

The allowable bolt load for a 5/8-1n. bolt with an allowable strength of
180 kei is

Pall =�8,7OO-lb ultimate or 43,200-lb yield (Bef 10)

M*Lyiei 4 43.21H.S.y-1 0.61

Page 154



- • .- -- :. : •:l:•'::i • %: % ' .-2

Report. AFRPL-TR-66-45, Appendix IV

E, Structural Analysis (cont.)

11. Exit Cone

a. Sub scale Motor

(u) The exit cone of the subscale motor is designed to operate
when the chamber pressure is 750 psi. The exit cone may be made from F85 columbium,

9OTa - lOW, or elastomeric material. This analysis considers the first two mterialo,
whose material properties are given in Figures 67 through 70.

(1) Geometry

()Ro- 1.4"

2!.88
1.88 1Dia.

H ~Dia._ _

3.25
Dia.

,3.12

Page 155
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E, Structural Analysis (cont.)

K ~tanU V 0.16 j
: 0 - 9.1"

cono - 0.987

P = 2 pui at Section 1, R2 - 1.013 in., A 3.14 in.2

P - 0.85 psi at Section 2, R2 - 1.420, A - 6.15 in. 2 , F.S.- 1.5P

(2) Hoop Stress

Section .

P R2 , . 5 x 2 x 1 ,L =0 1  7 60 p s i

h -t 0.004

Section 2

PR2  = .5 x0.82.x 1.42 453 psi•h = t 0.004

(3) Allowable Tensile Stress 0.2% Offset

9OTa - 1OW at 3560°F - 6000 psi
F-85 columbium at 3800°F 2000 psi

SM.S. 2000

MS.yield 7-0~-1=16

(4) Meridional Stress

Section 1

The compressive load on the exit one at Section 1 is:

M1
2] 1 , ,M 22 } ..

= 1.5 { 2(3.14&) 1i + 1.2(3.88 )2] 0.85(6.15) 1+ 1.2(4..35) 2]1

= -6.3 lb
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E, Structural Analysis (cont.)

4
Section 2 j

-6.3
c 2x1.013 x 0.004 -247 psi

The compressive allowable will found by using Ref 12:

R/T - 200

L/R = 2

E for 9OTa - l0W at 3560*F =7 c 106 psi

E for F-85 columbium at 3800°F = 4x106 psi
•Crp=o x 103 :.1.0

E

*cr = 4 x 10 3 x 1.2 = 4 800 psiScp=0

ho00
M.S. 1 High

b. Demonstration Motor'

(u) The exit cone of the demonstration motor is designed to
withstand a chamber pressure of 750 psi. This exit, like that listed on the subscale
motor, may be made from F-85 columbium, 9OTa - lOW, or rabber. This analysis con-
siders the first two materials, whose mechanical properties are shown in Figures 67
through 70. This exit cone differs from the subscale exit cone in that it is
initially convoluted so that the outer surface is cylindrical. The rubber exit cone
will be analyzed at a later date.
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* I

-t "0,.015

-- ~13.16 -

'2x 13.16

e - 150

coo e o .966

Section 1
S-2 psi R2 -6.1 6.31 A =115.9
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E, Structural Analysis (cont.) [

Section 2

P 0.85 psi R 2- o. 9.9ý A .289.5
(PC W 500)

F.S. = 1.5

(2) Hoop Stresses

Section 1

-2 -2 x06.31. x1.5 * 262psi
-t * 0.015

Section 2

11R Po 0.85 x 9.6x1.5 816 psi

h - 0.015001

(3) Allowable Stresses

9OT& - 1OW at 3560"F .= 6000 psi

F-85 columbium at 3800"F = 2000 psi

12OOM.s . U 00

F-85

(I) Meridional Stress

Section .

The compressive load on the exit cone at Section 1 is:

F {P A, [I + Y M_, 2 ] P2A2 [i1 + yT M22 1.5

= k-87 lb

S487
= x 12.15 x 0.0-15 850psi
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E. Structural Analysis (cont.)

The comprnraMivP allmnhl* will1 Um -A . 0-0 -2

I = ~407

L/R 2

6E for 9OTa - 1OWat 3560 = 7 x 10 psi

E for F-85 columbium at 3800"F = 4.5 x 106 psi

•c 3Sx 10 0.33

O = 0.33 x 4500 = 100
C

M.S. = ~1500

(5) Expansion of Exit Cone 0.5

(u) When the exit 0-1
coue of the demonstration motor is convoluted, theaft end will appear as shown In the sketch tt right. lie••
It becomes apparent that in this configuration / O.16I N

the membrane forming the exit cone is statically
unstable because high bending stresses would be
required to resist T and T This bending
stress would be and T0 .Thisobeding /

* P-O0.79
P 12-1 / 5

-~- -
b 0.0152

T1 = PR - 0.79 x 5.575 =4•4 lb/in.

b = 57.5 ksi

(u) Because this stress is much higher than the
allowable, the convolutions vill tend to straighten.
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E, Structural Analysis (cont.)

(u) TMe maximum depth of the convolutions after expansion
wIll be (the allowable moment is):

1.5 x 2000 x 225 x 10'
M = 46

= 0.1125 in.-lb
Ir/

0.79 x 9.6 = 7.58 lb/in. P - 0.79 psi
I R-9.6 in.

m ... 48. 0.018in.

(6) Elongation

(u) The inner fibers will elongate as the exit cone
expands. This elongation will be

e 0.16 -1) = 0.015 in./in.

This indicates that the exit cone will not fail while
opening.
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F. NOMENCLATURE

Symbol Definition II
A Area of cross-section, in.

b Subscript (bending)

C Distance from neutral axis to extreme fiber, in.

C Subscript (compression)

D Diameter, in.

D Flexural rigidity = Et 3  b-in.
12(1- v) l

E Modulus of elasticity, psi

e Elongation or displacement, in.

F Allowable stress, psi

f or a Applied stress, psi

h Subscript (hoop) or (horizontal)

I Moment of inertia (with proper axis subscripts), in.4

L Length, in.

M Bending moment, in. - lb, or in. -lb/in.

m Subscript (meridional)

N Shell meridional membrane force, lb/in.

P Applied load, lb or lb/in.

Pk
Pk Pressure input for IBM 70911 Computer Program 663, psi

p i,:7v.sure, psi

Q Shear, lb or lb/in.

R Radius, in.

R Stress ratio

S Subscript (Shear)
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F, Nomericlature (cont.)

Symbol Definition

T Applied torsional moment or torque, in.-lb or in.-lb/in.

W Weight, lb

w Uniform weight distribution, lb/in.

X Distance along x-axis, in.

y Distance along y-axis, in.

Thermal coefficient of expansion, in./in.-.F

3(1-V 2 ) 1/4 -n
Damping function = 3 ' in.

OF Radial deflection, in.

V Poisson's ratio

g Strain, in./in.

e Rotation or angle, radians or degrees

p Density, lb/in. 3

0 Angle, radians or degrees

c.g. Center of gravity

OF Degrees fahrenheit

in. Inch

ksi Kilo pounds I sr square inch

lb Pounds

Max Maximum

min Minimum

M.S. Margin of safety 0 Allovable Stresm -1
Calculated Streus

psi Pounds per square inch

NWF Bending modulus factor
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(u) The objectives of this program were the developmmnt, design, fabrication,
and demonstration of packageable high-iexansion.ratio nozzles for solid propellut
rocket motors. A subscale testing program conducted at Aerojet4.nera~s Von Kmen
Center altitude facility was successful in providing~nformtion for evaluating
three elastomeric materials (nitrile butadiene (V-4 ), styrene butadine•, and
butyl) and two refractory metals (909-10 and coluabium) for ise in exit cones.
Erosion data was also gathered on these elastomeric materials. A demostratio
test program was conducted at Arnold Engineering Develoyment Celter, using tares
3=-5000 solid propellant motors, two with an elastomeric V-4-4exit cone and one
with a columbium expandable exit cone. Objectives were to test deployment, determine
the materials' integrity under operating conditions, obtain data pertaining to
specific impulse at altitude conditions, and obtain postfire heat-soak daUt for
30 sec. Successful motor ignition, operation, and postfire heat-soak for all three
-'tests were conducted at sa ted altitudes in excess of lO0,O00 feet. Attempts to

Sdeploy the elastomerlc V-•i44 exit cone from a folded position at altitude tonditions
wGre only partially successful. However, the principle of deployment was demonstrated
during sea-level tests. All three exit cones were stable during motor operation and
were in excellent postfire condition. The columbium exit cone did not expand fully
(area ratio of 38.0, instead of 50). High-quality optical data were obtained of
the nozzle deployment, nozzle performance during motor operation, and postfire
condition.


